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RNase H    : Ribonuclease H 
dsDNA    : double-stranded DNA 
dsDNAR1    : double-stranded DNA containing single ribonucleotide(s) 
dsRNA    : double-stranded RNA 
JRNase    : junction ribonuclease 
tRNALys : single-stranded RNA molecule used as a primer for 
synthesis minus-strand  DNA 
RT    : reverse transcriptase 
HIV-1 RT    : reverse transcriptase from HIV-1 
RNHHIV   : RNase H domain of HIV-1 RT isolated from polymerase 
domain 
EcoRNH1    : RNase H1 from Escherichia coli 
EcoRNH2    : RNase H2 from E. coli 
BsuRNH2    : RNase H2 from Bacillus subtilis 
BsuRNH3    : RNase H3 from B. subtilis 
AaeRNH2    : RNase H2 from Aquifex aeolicus 
AaeRNH3    : RNase H3 from A. aeolicus 
CpeRNH3    : RNase H3 from Chlamydophila pneumonia 
SceRNH1    : RNase H1 from Saccharomyces cerevisiae 
SceRNH2    : RNase H2 from S. cerevisiae 
BhaRNH1    : RNase H1 from Bacillus halodurans 
BhaRNH1C    : C-terminal domain of BhaRNH1 
HsaRNH1    : RNase H1 from Homo sapiens 
HsaRNH1C    : C-terminal domain of HsaRNH1 
HsaRNH2    : RNase H2 from H. sapiens 
HsaRNH2A    : subunit A (catalytic subunit) of HsaRNH2 
TthRNH1    : RNase H1 from Thermus thermophiles 
SIB1 RNase H1    : RNase H1 from Shewanella sp. SIB1 
StoRNH1    : RNase H1 from Sulfolobus tokodaii 
TkoRNH2    : RNase H2 from Thermococcus kodakaraensis 
 Abbreviatons 	  
	  
AfuRNH2    : RNase H2 from Archaeoglobus fulgidus 
MjaRNH2    : RNase H2 from Methanococcus jannaschii  
TmaRNH1    : RNase H1 from Thermotoga maritima 
TmaRNH2    : RNase H2 from T. maritima 
BstRNH2    : RNase H2 from Bacillus stearothermophilus 
BstRNH3    : RNase H3 from B. stearothermophilus 
TamRNH3    : RNase H3 from Thermovibiro ammonificans 
HBD    : hybrid binding domain 
TmaHBD    : HBD of TmaRNH1 
RBD    : dsRNA binding domain 
SIB1 RBD-RNase H1  : RBD of SIB1 RNase H1 
TBP    : TATA-box binding protein 
BstTBP    : TBP-like domain of BstRNH3 
N-extension    : N-terminal extension 
BstNTD    : N-extension of BstRNH2 
BstRNH2ΔN    : BstRNH2 lacking N-extension (residues 60-259) 
C-extension    : C-terminal extension 
TmaRNH2ΔC    : TmaRNH2 lacking C-extension (residues 1-192) 
TmaHH   : a hairpin helix structure that corresponds to C-extension of 
    TmaRNH2 
BstNTD-TmaRNH2ΔC : BstNTD is attached to the N-terminus of TmaRNH2ΔC 
GRG   : a conserved motif in RNases H2 consists of Gly, Arg and 
    Gly. 
pET800TM    : pET25b containting the gene of TmaRNH2 
pET600AA    : pET25b containing the gene of AaeRNH2 
pET800BS    : pET25b containing the gene of BstRNH2  
pET670TMΔC    : pET25b containing the gene of TmaRNH2ΔC  
pET620BSΔN    : pET25b containing the gene of BstRNH2ΔN 
pET850BSTMΔC   : pET25b containing the gene of BstNTD-TmaRNH2ΔC  
CD    : Circular dichroism 
GdnHCl    : Guadinide hydrochloride 
IPTG     : Isopropyl thio-β-D-galactoside 
 Abbreviatons 	  
	  
DTT    : Dithiothreitol 
2-ME    : 2-mercapthoethanol 
BSA    : Bovine serume albumin 
EDTA    : Ethylenediaminetetraacetic acid 
PDB    : Protein data bank 
D5-R1-D6/D12    : DNA5-RNA1-DNA6/DNA12 
D15-R1-D13/D29    : DNA15-RNA1-DNA13/DNA29 
R12/D12    : RNA12/DNA12 
R29/D29    : RNA29/DNA29 
KA    : the association constant 
Tm    : the melting temperature 
ΔHm    : the enthalpy change 
ΔSm    : the entropy change 
ΔG    : the free energy change 
P66 subunit  : a subunit of HIV-1 RT in size of 66 kDa that consists of N 
    terminal DNA polymerase domain and C-terminal RNase H 
    domain 
P51 subunit  : a subunit of HIV-1 RT in size of 51 kDa that consists of 
    only N-terminal DNA polymerase domain 
TmaHBD-RNHHIV   : TmaHBD is attached at the N-terminus of RNHHIV 
BstNTD-RNHHIV    : BstNTD is attached at the N-terminus of RNHHIV 
pET-HIVMp66    : pET 25b containing the gene of P66 subunit of HIV-1 RT 
pET-RNHHIV    : pET25b containing the gene of RNHHIV 
pET-TmaHBD-RNHHIV : pET25b containing the gene of TmaHBD-RNHHIV 
pET-BstNTD-RNHHIV : pET25b containing the gene of BstNTD-RNHHIV 
GFP   : Green fluorescence protein 
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CHAPTER 1 
  General Introduction 
 
1.1. Ribonuclease H (RNase H) 
 RNase H (EC 3.1.26.4) is a non-sequence-specific enzyme that endonucleolytically 
cleaves the RNA strand of RNA/DNA hybrids [1, 2]. The reaction occurs at the 
phosphodiester bond of the RNA moiety and requires divalent metal ions, such as Mg2+ 
and Mn2+, to produce the 5’-phosphate and 3’-hydroxyl groups, as shown in Figure 1.1.  
 
Fig. 1.1. Cleavage of RNA/DNA hybrid with RNase H 
 
RNase H is widely present in all three kingdoms of living organisms, bacteria, 
archaea and eukaryotes [3, 4]. It is also present in retrovirus as a C-terminal domain of 
reverse transcriptase (RT) [3, 4]. The first gene encoding RNase H was cloned from 
Escherichia coli in 1983 [5]. Another gene encoding RNase H was cloned from E. coli in 
1990, by its ability to complement the temperature-sensitive growth phenotype of E. coli 
strain lacking the first gene encoding RNase H [6]. RNases H encoded by the first and 
second genes cloned from E. coli are termed E. coli RNase H1 (EcoRNH1) and E. coli 
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RNase H2 (EcoRNH2) respectively. EcoRNH1 and EcoRNH2 show little amino acid 
sequence similarity with each other, suggesting that they are evolutionarily unrelated. 
Later, the gene encoding RNase H3 was cloned from Bacillus subtilis in 1999 [7]. The B. 
subtilis genome also contains the gene encoding RNase H2 but does not contain the gene 
encoding RNase H1, although it contains pseudo gene encoding inactive RNase H1 
homolog. B. subtilis RNase H3 (BsuRNH3) show a weak amino acid sequence similarity 
to B. subtilis RNase H2 (BsuRNH2), suggesting that BsuRNH2 and BsuRNH3 are 
diverged from common ancestor. Database searches indicate that all RNase H sequences 
show a similarity to that of EcoRNH1, EcoRNH2 or BsuRNH3. Thus, RNases H are 
classified into two major families, type 1 and type 2 RNases H, which are evolutionarily 
unrelated, based on the difference in their amino acid sequences [3, 4]. Type 1 RNases H 
include bacterial RNase H1, archaeal RNase H1, eukaryotic RNase H1, and retroviral 
RNase H. Type 2 RNases H include bacterial RNases H2 and H3, archaeal RNase H2, and 
eukaryotic RNase H2. They are all functional in a monomeric form, except for eukaryotic 
RNase H2 that is functional in a heterotrimeric form [3, 8]. 
A single cell of organisms often contains multiple RNases H [4]. For example, the 
E. coli genome contains two genes encoding RNases H1 and H2, the Aquifex aeolicus 
genome contains two genes encoding RNases H2 and H3, and the Saccharomyces 
cerevisiae genome contains two genes encoding RNases H1 and H2, as shown in Figure 
1.2. The number and types of the RNase H genes contained in the single genomes are not 
correlated with the evolutionary relationships of their source organisms determined based 
on the 16S rRNA sequences [4]. Likewise, single eukaryotic genomes often contain two 
different types of the RNase H genes, which are the genes encoding RNases H1 and H2. 
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The significance of the multiplicity of the RNases H genes in the single cells is not fully 
understood. However, they may play different roles in cells as described in section 1.3.  
Fig. 1.2. Multiplicity of the RNase H genes in the single genome. 
Locations of the genes encoding RNases H on each genome are shown. The rnhA and rnhB genes 
of E. coli encode RNases H1 and H2 respectively. The rnhII and rnhIII genes of A. aeolicus 
encode RNases H2 and H3 respectively. The rnh1 and rnh201 genes of S. cerevisiae encode 
RNases H1 and subunit A of RNase H2 respectively. The locations of the genes on the E. coli 
genome are 235,535 to 236,002 for rnhA and 204,493 to 205,089 for rnhB. The locations of the 
genes on the A. aeolicus genome are 1,374,521 to 1,375,111 for rnhII and 1,245,528 to 1,246,301 
for rnhIII. The locations of the genes on the S. cerevisiae genome are 740,226 to 741,312 
(chromosome XIII) for rnh1 and 490,317 to 491,240 (chromosome XIV) for rnh201. The database 
search and gene locations are from Kyoto Encyclopedia of Genes and Genome (KEGG) site 
(http://www.genome.jp/kegg/). An arrow shows the direction of the transcription. Ori indicates the 
origin of replication. 
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1.2. Substrate specificity of RNase H 
Three different substrates are used to determine the enzymatic activity of RNases 
H. They are schematically shown in Figure 1.3. RNA-DNA/DNA duplex represents an 
Okazaki fragment like substrate. dsDNAR1 represents double-stranded DNA (dsDNA) 
containing a single ribonucleotide. RNases H1 and H2 differ in their ability to cleave 
dsDNAR1. While RNase H2 cleaves dsDNAR1 at the (5’)DNA-RNA(3’) junction, RNase 
H1 does not cleave it [8-12]. The activity that catalyzes the cleavage of dsDNAR1 at the 
(5’)DNA-RNA(3’) junction is termed junction ribonuclease (JRNase) activity. This 
activity is originally defined as the activity that catalyzes the cleavage of an Okazaki 
fragment-like RNA-DNA/DNA substrate at the 5’-side of the ribonucleotide attached to 
DNA [10]. RNase H1 does not cleave dsDNAR1, because at least four consecutive 
ribonucleotides are necessary for effective cleavage of substrate with RNase H1 [12, 13].  
Conflicting results have been reported for the ability of RNase H3 to cleave dsDNAR1. 
BsuRNH3 [12] and Aquifex aeolicus RNase H3 (AaeRNH3) [14] do not cleave dsDNAR1, 
whereas Chlamydophila pneumonia RNase H3 (CpeRNH3) cleaves dsDNAR1 at the 
(5’)DNA-RNA(3’) junction [15, 16]. 
In this thesis, the activity determined using RNA/DNA hybrid and dsDNAR1 as 
substrates are defined as RNase H and JRNase activities respectively. It is difficult to 
Fig. 1.3. Substrate of RNase H 
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define these activities using RNA-DNA/DNA substrate, because not only JRNase activity 
but also RNase H activity catalyze the cleavage of this substrate at the 5’-side of the 
ribonucleotide attached to DNA. Thus, all RNases H exhibit RNase H activity, while only 
RNase H2 and some RNases H3 exhibit JRNase activity. 
 
1.3. Physiological role of RNase H 
Because of the unique RNase H and JRNase activities, RNases H are involved in 
DNA replication, repair, and transcription [17-34]. They protect cells from undesired 
Fig. 1.4. Physiological role of RNases H. 
dsDNAR1 (A), R-loop (B) and RNA-DNA/DNA duplex (C) are schematically shown. RNA and 
DNA are colored red and blue respectively. dsDNAR1 represents genomic DNA containing 
single ribonucleotides, which are misincorporated during DNA replication. R-loop is formed 
during transcription when the newly synthesized RNA strand fails to dissociate from the DNA 
strand. RNA-DNA/DNA duplex represents an Okazaki fragment produced during DNA 
replication. 
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accumulation of nucleic acids. Possible physiological roles of RNases H are shown in 
Figure 1.4.  
dsDNAR1 represents genomic DNA containing single ribonucleotides. It is 
generated by misincorporation of single ribonucleotides into genomic DNA during DNA 
replication [17-19]. This misincorporation causes genome instability. JRNase activity of 
RNase H2 is necessary to maintain the genome integrity by removing ribonucleotides 
misincorporated into DNA through ribonucleotide excision repair (RER) pathway [18-23] 
(Fig. 1.4-A). The RER pathway is shown in Figure 1.5 in more detail. R-loop is formed 
when the newly synthesized RNA strand remains associated with the DNA strand [24]. 
This loop also causes genome instability. RNase H activity of RNases H1 and/or RNases 
H2 is necessary to maintain the genome integrity by removing an RNA strand of R-loops 
[24, 25] (Fig. 1.4-B). Okazaki fragment is produced during DNA replication (lagging DNA 
synthesis). RNase H activity of RNases H1 and/or H2 is thought to be involved in removal 
of ribonucleotides from Okazaki fragment, although other enzymes, such as DNA 
polymerase I and FEN1 nuclease, are required to completely remove ribonucleotides from 
Okazaki fragment [24, 26, 27] (Fig. 1.4-C). 
Role of RNases H1-H3 for cell growth has been analyzed by gene disruption. 
Disruption of single genes encoding RNases H (RNase H1 or H2 for E. coli and S. 
cerevisiae, and RNase H2 or H3 for B. subtilis) does not affect growth phenotypes of these 
organisms. However, disruption of both genes encoding RNases H1 and H2 causes 
temperature-sensitive growth defect in E. coli [28] and increased sensitivity to alkylating 
agents in S. cerevisiae [29]. Disruption of both genes encoding RNases H2 and H3 causes 
a growth defect in B. subtilis [28]. In contrast, disruption of the gene encoding RNase H1 
[26] or RNase H2 [22, 23] causes embryonic lethality in mouse. Mutation in any subunit of 
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RNase H2 causes neurological disorder Aicardi-Goutieres syndrome in human [30, 31]. It 
is probably due to the accumulation of unprocessed RNA/DNA hybrids in the human cells. 
Moreover, retroviral RNase H is required for proliferation of virus [32, 33], and therefore it 
is regarded as one of the targets for AIDS therapy [35, 36]. Retroviral RNase H is required 
to convert single-stranded (ss) genomic RNA to dsDNA by removing genomic RNA after 
synthesis of minus-strand DNA, tRNALys, which is used as a primer for synthesis of 
minus-strand DNA, and polypurine tract, which is used as a primer for synthesis of plus-
strand DNA.  
 
Fig. 1.5. Ribonucleotide Excision Repair (RER) pathway initiated by RNase H2 [20]. 
RNase H2 incises dsDNA containing a single ribonucleotide at the 5’-side of the ribonucleotide. The 
mechanism involves other enzymes, such as PCNA, FEN1, Exo1, and DNA ligase, to complete the 
DNA repair process. 
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1.4. Structure of RNase H 
Type 1 and type 2 RNases H share a similar main-chain fold, termed RNase H-fold, 
despite their poor amino acid sequence similarities and different substrate specificities. It 
consists of a five-stranded β-sheet and two α-helices, and contains four acidic active-site 
residues in the catalytic center [4]. The crystal structure of EcoRNH1 is the first crystal 
structure determined for RNases H [37, 38]. Since then, many crystal structures of type 1 
and type 2 RNases H have been determined. They are the structures of the RNase H 
domains of HIV-1 RT [39] and moloney murine leukemia viruses RT [40], the catalytic 
domains of B. halodurans RNase H1 (BhaRNH1) [41] and Homo sapiens RNase H1 
(HsaRNH1) [42], Thermus thermophiles RNase H1 (TthRNH1) [43], Schewanella sp. MR-
1 RNase H1 [44], Sulfolobus tokodaii RNase H1 (StoRNH1) [45], metagenome-derived 
LC9-RNase H1 [46] and LC11-RNase H1 [47, 48], Halobacterium sp. NRC-1 RNase H1 
[49], Thermococcus kodakaraensis RNase H2 (TkoRNH2) [50], Archaeoglobus fulgidus 
RNase H2 (AfuRNH2) [51], Methanococcus jannaschii RNase H2 (MjaRNH2) [52], and 
Thermotoga maritima RNase H2 (TmaRNH2) [9], A. aeolicus RNase H3 (AaeRNH3) 
[14], B. stearothermophilus RNase H3 (BstRNH3) [53], and Thermovibiro ammonificans 
RNase H3 (TamRNH3) [54]. The catalytic domains of BhaRNH1 and HsaRNH1 are 
termed BhaRNH1C and HsaRNH1C respectively. The structures of BhaRNH1C, 
HsaRNH1C, TmaRNH2, and TamRNH3 have been determined as a complex with the 
substrate. The structures of the representative members of type 1 and type 2 RNases H are 
shown in Figure 1.6.  
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Fig. 1.6. Crystal structures of type 1 and type 2 RNases H. 
Overall structures of EcoRNH1 (PDB code 1RNH), RNase H domain of HIV-1 RT (1HRH), 
TmaRNH2 (2ETJ) and AaeRNH3 (3VN5) are shown. EcoRNH1 and RNase H domain of HIV-
1 RT represent type 1 RNases H. TmaRNH2 and AaeRNH3 represent type 2 RNases H. An 
RNase H-fold is colored green. The four acidic active-site residues are shown in stick models, 
in which the oxygen atom is colored red. 
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Four acidic active-site residues are fully conserved in type 1 and type 2 RNases H 
[4], with a few exceptions [55]. Because they are arranged in the order of Asp, Glu, Asp, 
and Asp or Glu from the N-terminus, the active-site motif of RNase H is termed DEDD or 
DEDE [4]. While RNases H1 and H2 have a DEDD active-site motif, RNase H3 has a 
DEDE active-site motif [4]. Exceptions are the active sites of metagenome-derived LC9-
RNase H1 and its homolog [55]. In these RNases H1, the fourth residue of a DEDD active-
site motif is replaced by Asn, indicating that these RNases H1 have a DEDN active-site 
motif. In addition, the first and the second residues of a DEDN active-site motif of these 
Fig. 1.7. Schematic representation of the primary structures of RNases H. 
The primary structures of the representative members of type 1 and type 2 RNases H, which are 
enzymatically active, are shown. EcoRNH1 and RNase H domain of HIV-1 RT represent type 1 
RNases H, while EcoRNH2 and AaeRNH3 represent type 2 RNases H. The catalytic domain of 
these RNases H are colored green for type 1 RNases H and blue for type 2 RNases H. The 
positions of the four acidic active-site residues and a histidine residue, which is well conserved 
in type 1 RNases H, are indicated. The numbers represent the positions of the amino acid 
residues relative to the initiator methionine for each protein. 
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RNases H1 are adjacent to each other like those of type 2 RNases H. The primary 
structures of EcoRNH1, RNase H domain of HIV-1 RT, EcoRNH2 and AaeRNH3 are 
schematically shown in Figure 1.7, together with the positions of the four acidic active-site 
residues and a histidine residue, which is well conserved in type 1 RNases H. EcoRNH1 
represents bacterial, archaeal and eukaryotic RNases H1. The RNase H domain of HIV-1 
RT represents retroviral RNases H. EcoRNH2 represents bacterial and archaeal RNases 
H2, and the catalytic subunits of eukaryotic RNases H2. AaeRNH3 represents bacterial 
RNases H3. All four residues of a DEDD active-site motif are distantly located with one 
another in the sequences of type 1 RNases H, whereas the first and second residues of a 
DEDD or DEDE active-site motif are adjacent to each other in the sequences of type 2 
RNases H. The histidine residue is located in a flexible loop near the active site. It has been 
proposed that this residue is directly involved in the catalytic function as a proton pump 
[56]. 
 
1.5. Catalytic mechanism of RNase H 
RNases H1 and H2 share similar steric configurations of the active-site residues, 
although the positions of these residues in the sequences of type 1 RNases H are different 
from those in the sequences of type 2 RNases H, suggesting that their catalytic mechanism 
are similar to each other. A two-metal-ion catalysis mechanism has been proposed for 
RNase H activity, because the structures of the active-site mutants of BhaRNH1C [41] and 
HsaRNH1C [42] in complex with the substrate and metal ions contain two divalent metal 
ions (A and B) at the active site. This mechanism is schematically shown in Figure 1.8. 
Metal ion A is required for substrate-assisted nucleophile formation. Both metal ions A 
and B are required to destabilize the enzyme-substrate complex and to promote the 
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phosphoryl transfer reaction. The distance between metal ions A and B is 4.1 Å when the 
Fig. 1.8. Schematic representation of the two-metal-ion catalysis mechanism of RNase H. 
The enzyme-substrate complex, an intermediate form, and the enzyme-product complex are 
schematically shown based on the crystal structures of BhaRNH1C in complex with substrate 
[41], intermediate-like RNA/DNA duplex [57], and product-like RNA/DNA duplex [57]. The side 
chains of the four acidic residues that form a DEDD active-site motif, two metal ions (M2+ A, M2+ 
B), and a scissile phosphodiester bond of the substrate are shown. The fourth aspartate of a DEDD 
active-site motif is replaced by Glu and Asn in DEDE and DEDN active-site motifs respectively. 
Coordination of the metal ions is indicated by black dashed lines. The distances between two 
metal ions are indicated by green dashed lines. The attacking hydroxyl ion that is coordinated with 
metal ion A is indicated in the box. 
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enzyme-substrate complex is formed. However, this distance reduces to 3.5 Å in an 
intermediate state. Then, this distance increases to 4.8 Å when the P-O3’ bond of the 
substrate is cleaved, probably due to cancellation of a repulsive force between two metal 
ions.  
The number of the metal ions required for activity, however, still remains 
controversial [58]. The co-crystal structures of BhaRNH1C [41] and HsaRNH1C [42] with 
the substrate contain two metal ions at the active site, whereas that of TmaRNH2 contains 
three metal ions at the active site [9]. The number of metal ions bound to the enzyme in a 
substrate-free form also varies for different metal ions and enzymes. Only single Mg2+ ions 
bind to EcoRNH1 [59] and BstRNH3 [53], whereas two Mn2+ ions bind to EcoRNH1 [60] 
and the RNase H domain of HIV-1 RT [39]. Only single Mn2+ ions bind to BstRNH3 [53] 
and the active site mutant of EcoRNH1 [61]. 
 
1.6. Metal preferences of RNase H 
RNases H requires divalent metal ions, such as Mg2+ and Mn2+, for activity. It 
exhibits activity in the presence of other metal ions, such as Co2+ and Ni2+ ions, although 
these activities are much lower than those determined in the presence of Mg2+ or Mn2+ 
ions. RNase H does not exhibit activity in the presence of Ca2+ ions, because Ca2+ ions 
usually inhibit activity. However, the most preferable metal ion for activity varies for 
different enzymes. For example, EcoRNH1 prefers Mg2+ to Mn2+ ions for RNase H activity 
[7, 62], whereas EcoRNH2 prefers Mn2+ to Mg2+ ions for this activity [63]. BsuRNH2 
prefers Mn2+ to Mg2+ ions for RNase H activity, whereas BsuRNH3 prefers Mg2+ to Mn2+ 
ions for this activity [7]. TmaRNH2 prefers Mn2+ to Mg2+ ions for RNase H activity, but 
does not show this preference for JRNase activity [9]. It exhibits maximal JRNase and 
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RNase H activities either in the presence of Mg2+ or Mn2+ ions. BstRNH3 prefers Mg2+ to 
Mn2+ ions for RNase H activity [53]. AaeRNH3 does not show this preference [14]. It 
exhibits maximal RNase H activity either in the presence of Mg2+ or Mn2+ ions. SceRNH2 
prefers Mn2+ to Mg2+ ions for JRNase activity [64]. In this thesis, the RNase H/JRNase 
activities determined in the presence of Mg2+ or Mn2+ ion are designated as Mg2+-
dependent RNase H/JRNase activities or Mn2+-dependent RNase H/JRNase activities. The 
reason why the most preferable metal ion for activity varies for different RNases H 
remains to be fully understood. Because Mg2+ and Mn2+ ions are alkaline-earth and 
transition metal ions respectively, differ in radii, and their coordination geometries are 
different with each other, slight difference in the configurations of four acidic active-site 
residues, that coordinates with these metal ions, may be responsible for the difference in 
metal preference of RNases H.  
In the bacterial cells, the concentration of Mg2+ ions is 100-fold higher than that of 
Mn2+ ions [65]. However, this difference in cellular concentrations of Mg2+ and Mn2+ ions 
does not necessarily indicate that Mg2+-dependent activity is physiologically more 
important than Mn2+-dependent activity, because the binding of these metal ions to the 
enzyme are not always similar to each other. For example, Mn2+ ions bind to EcoRNH1 
much more strongly than Mg2+ ions [66], and as a result, EcoRNH1 exhibits maximal 
Mn2+- and Mg2+-dependent activities in the presence of 0.1 µM MnCl2 and 5 mM MgCl2 
[67]. 
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1.7. Substrate binding domains of RNase H 
Several RNases H contain a substrate binding domain at the N-terminus, C-
terminus or middle of the RNase H domain. The amino acid sequences of representative 
members of type 1 and type 2 RNases H are shown in Figure 1.9. EcoRNH1 and 
Fig. 1.9. Schematic representation of the primary structures of RNases H. 
The primary structures of representative members of RNases H containing a substrate binding 
domain are shown together with those of RNases H without substrate binding domain. The RNase 
H domain is colored green. A basic protrusion of type 1 RNases H is colored magenta. HBD is 
colored cyan. The TBP-like domain of RNase H3 is colored yellow. The active site residues are 
indicated. The number represents the position of each amino acid residue relative to the N-
terminal methionine residue. 
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HsaRNH1 have a substrate binding domain, termed basic protrusion, at the middle of the 
RNase H domain. TmaRNH1 and HsaRNH1 have a substrate binding domain, termed 
hybrid binding domain (HBD), at the N-terminus. AaeRNH3 has a substrate binding 
domain, termed TBP-like domain, at the N-terminus. HIV-1 RT has an N-terminal DNA 
polymerase domain. The RNase H domain of HIV-1 RT is correctly folded [39], but loses 
activity [39, 68-71] or exhibits very weak Mn2+-dependent activity [72], when it is 
separated from the polymerase domain, indicating that the polymerase domain is required 
for binding of the RNase H domain to substrate. Because RT always consists of N-terminal 
polymerase domain and C-terminal RNase H domain, the RNase H domain of RT probably 
always requires the polymerase domain for substrate binding. However, RNases H do not 
always contain these substrate binding domains. For example, StoRNH1 and EcoRNH2 
contain none of these substrate binding domains (Fig. 1.9). These RNases H may have a 
unique mechanism by which they efficiently binds to the substrate without the assistance 
of a substrate binding domain. Importance of a basic protrusion for substrate binding has 
been shown by the mutational studies of EcoRNH1 [73-75]. Later, the co-crystal structure 
of HsaRNH1C with the substrate has revealed that a basic protrusion provides DNA 
binding channel, to which the DNA strand of RNA/DNA hybrid binds [42]. 
HBD is present in almost all eukaryotic RNases H1 [2], including HsaRNH1, and 
several bacteria RNases H1, such as TmaRNH1 [76], BhaRNH1 [41] and RBD-RNase H1 
from Shewanella sp. SIB1 [77]. HBD has been originally termed as dsRNA binding 
domain (RBD). However, this domain has been shown to bind more strongly to 
RNA/DNA hybrid than to dsRNA [78]. The amino acid sequences of HBDs of several 
bacterial and eukaryotic RNases H1 are compared with one another in Figure 1.10. These 
HBDs show relatively high amino acid sequence similarities with one another. For 
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example, HBD of TmaRNH1 (TmaHBD) shows the amino acid sequence identities of 43, 
42, 33 and 32% to those of SceRNH1, BhaRNH1, SIB1 RBD-RNase H1 and HsaRNH1 
respectively. The removal of HBD decreases the substrate binding affinity of TmaRNH1 
by 50-fold and eliminates its Mg2+-dependent activity and in vivo function without 
significantly affecting its Mn2+-dependent activity and stability [76]. The removal of HBD 
also reduces Mg2+-dependent activity of HsaRNH1 without significantly affecting its 
Mn2+-dependent activity [42] and eliminates its processivity [79]. The substrate binding 
mechanism of HBD will be described in the next section (section 1.8). 
TBP-like domain is always present at the N-terminus of RNase H3. The amino acid 
sequences of TBP-like domains of several RNases H3 are compared with one another in 
Figure 1.11. These TBP-like domains do not always show a relatively high amino acid 
sequence similarities with one another. For example, TBP-like domain of BstRNH3 
(BstTBP) shows the amino acid sequence identities of 47, 16 and 19% to those of 
Fig. 1.10. Alignment of the amino acid sequences [76]. 
The amino acid sequences of N-terminal HBDs of several RNases H1 are shown. The HBD 
sequence of TmaRNH1 (Tma) is compared with those of BhaRNH1 (Bha), SIB1 RBD-RNase 
H1 (SIB1RBD), SceRNH1 (Sce) and HsaRNH1 (Hsa). The secondary structures of HsaRNH1 
(PDB code 3BSU) are shown above the sequences. The amino acid residues, which are highly 
conserved, are highlighted in black. The amino acid residues that contact the substrate according 
to the co-crystal structure of HBD of HsaRNH1 with substrate [78] are indicated by open 
circles. The numbers represent the positions of the amino acid residues to the initiator 
methionine for each protein. 
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BsuRNH3, AaeRNH3 and TamRNH3 respectively. The removal of TBP-like domain 
greatly reduces substrate binding affinities and Mg2+-dependent activities of BstRNH3 [53] 
and AaeRNH3 [14] without significantly affecting their Mn2+-dependent activities. Similar 
results have been reported for EcoRNH1 [66, 67, 80] and HIV-1 RNase H domain [81], in 
which mutation or deletion reduces Mg2+-dependent activity without significantly affecting 
Mn2+-dependent activity. These results suggest that slight conformational change of the 
active site does not significantly affect the binding of Mn2+ ions but affects binding of 
Mg2+ ions. The substrate binding mechanism of TBP-like domain will be described in the 
next section (section 1.8). 
Fig. 1.11. Alignment of the amino acid sequences  
The amino acid sequences of TBP-like domains of several RNases H3 are shown. The sequence of 
TBP-like domain of BstRNH3 (Bst) is compared with those of BsuRNH3 (Bsu), TamRNH3 
(Tam) and AaeRNH3 (Aae). The secondary structures of TamRNH3 (PDB code 4PY5) are shown 
above the sequences. The amino acid residues, which are highly conserved, are highlighted in 
black. The amino acid residues that contact the substrate according to the co-crystal structure of 
TamRNH3 with substrate [54] are indicated by open circles. The numbers represent the positions 
of the amino acid residues to the initiator methionine for each protein. 
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It remains to be determined whether RNase H2 has a substrate binding domain. The 
result that HBD and TBP-like domain are only present in RNases H1 and H3 respectively, 
indicates that RNase H2 does not contain these domains. However, BsuRNH2 has an N-
terminal extension (N-extension) as compared to EcoRNH2 (Fig. 1.9). The amino acid 
sequence of this extension does not show a similarity to any sequence available from 
database, suggesting that this extension is folded into a unique structure. However, it 
remains to be determined whether this extension is involved in substrate binding and is 
conserved in other RNases H2. It also remain to be determined whether RNase H2 has 
another N- or C-terminal extension that functions as a substrate binding domain. 
 
1.8. Substrate recognition mechanism of RNase H 
To reveal mechanism by which RNase H1 recognizes RNA/DNA hybrid as a 
substrate, the co-crystal structures of BhaRNH1C [41] and HsaRNH1C [42] with 
RNA/DNA hybrid have been determined. The co-crystal structure of HsaRNH1C with 
18bp RNA/DNA hybrid is shown in Figure 1.12. According to this structure, RNA/DNA 
hybrid binds to the two grooves on the protein surface, which is separated by a ridge, in 
such a way that the RNA strand fits one groove containing the active site and the DNA 
strand fits the other groove containing the DNA phosphate binding pocket. The RNA 
strand contacts the protein in such a way that the 2’-OH groups of two ribonucleotides on 
each side of the scissile phosphate group form hydrogen bonds with the protein. This is the 
major reason why RNases H1 does not recognize dsDNA as a substrate. The DNA strand 
contacts not only the groove containing the phosphate binding pocket but also the DNA 
binding channel formed in the basic protrusion. The DNA binding channel is formed by 
Trp221, Trp225 and Ser233. The RNA strand cannot fit this channel because the 2’-OH 
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group of the RNA strand causes a steric crash with Trp221. This is one of the reasons why 
RNase H1 does not recognize dsRNA as a substrate. The minor groove width of 
RNA/DNA hybrid varies from 8 to 10 Å at the region where it contacts the protein. This 
width is larger than that of dsDNA with a typical B-form conformation (7 Å) and smaller 
than dsRNA with a typical A-form conformation (11 Å). This is another reason why 
RNase H does not recognize dsRNA as a substrate. 
The crystal structure of eukaryotic RNase H1 or bacterial RNase H1 containing 
HBD in the intact form remains to be determined. Therefore, it remains to be understood 
Fig. 1.12. Co-crystal structure of HsaRNH1C with substrate 
The crystal structure of HsaRNH1C in complex with 18bp RNA/DNA hybrid [PDB code 
2QK9] is shown. DNA is colored blue and RNA is colored red. The RNA binding site, DNA 
phosphate-binding pocket and DNA-binding channel are indicated. The basic protrusion is 
indicated magenta. The DNA-binding channel is absent in BhaRNH1C because BhaRNH1C 
lacks basic protrusion. The active site residues are shown in stick models, in which the oxygen 
atoms are colored red. 
General Introduction Chapter 1 	  
Page 21 	  
how HBD and the catalytic domain bind to the substrate at the same time. However, the 
crystal structure of the complex between HBD of HsaRNH1 in an isolated form and 
RNA/DNA hybrid has been determined [78]. This structure is shown in Figure 1.13-A. 
According to this structure, HBD consists of a three-stranded anti-parallel β-sheet (β1- β3) 
and two α-helices (αA and αB). HBD contacts the minor groove of the substrate mainly at 
αA helix and β3 strand. RNA-specific interaction is formed between 2’-OH groups of two 
adjacent RNA nucleotides and two backbone nitrogen atoms of Arg52 and Ala55. The 
DNA-specific stacking interaction is formed between the deoxyribose rings of two DNA 
Fig. 1.13. Co-crystal structures of HBD and TBP-like domain with RNA/DNA hybrid. 
The crystal structures of HBD of HsaRNH1 in an isolated form (PDB code: 3BSU) (A) and 
TBP-like domain of TamRNH3 (PDB code: 4PY5) (B) in complex with RNA/DNA hybrid are 
shown. The structure of the complex between TBP-like domain and RNA/DNA hybrid 
represents the structure of the complex between TamRNH3 and RNA/DNA hybrid around TBP-
like domain. The DNA and RNA strands are colored cyan and pink for HsaRNH1, and blue and 
red for TamRNH3 respectively. The amino acid residues that contact the substrate are shown by 
stick models, in which the oxygen and nitrogen atom are colored red and blue respectively in 
panels A and B. The structures shown in panel A is superimposed on that shown in panel B in 
panel C. 
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nucleotides and aromatic rings of Trp43 and Phe58. Trp43 of mouse RNase H1 [79] and 
Trp22 of TmaRNH1 [76], which correspond to Trp43 of HsaRNH1, have been shown to 
be important for substrate binding.  
To reveal mechanism by which TBP-like domain binds to RNA/DNA hybrid, the 
co-crystal structure of TamRNH3 with RNA/DNA hybrid has been determined [54]. This 
structure around TBP-like domain is shown in Figure 1.13-B. According to this structure, 
TBP-like domain consists of a three-stranded anti-parallel β-sheet (β1- β3) and two α-
helices (αA and αB), like HBD. However, the arrangement of two α-helices in the structure 
of TBP-like domain is different from that in the HBD structure. Two α-helices are located 
in one side of a β-sheet in TBP-like domain, whereas they are located in both sides of a β-
sheet in HBD. TBP-like domain contacts the minor groove of the substrate using a flat 
surface of the β-sheet. Nevertheless, TBP-like domain contacts the substrate in a similar 
manner to that of HBD (Fig. 1.13-C). RNA-specific interaction is formed between 2’-OH 
groups of two adjacent RNA nucleotides and two nitrogen atoms of the protein (side chain 
nitrogen atom of Arg32 and backbone nitrogen atom of Gly52). The DNA-specific 
stacking interaction is formed between the deoxyribose rings of two DNA nucleotides and 
aromatic rings of His28 and Tyr43. Tyr46 of BstRNH3 [82] and Tyr45 of AaeRNH3 [14], 
which correspond to Tyr43 of TamRNH3, have been shown to be important for substrate 
binding. This may be the reason why RNase H3 functions as a substitute of RNase H1, as 
proposed previously [7]. The structures of BstRNH3 [53] and AaeRNH3 [14] in a 
substrate-free form have also been determined. When these structures are superimposed on 
that of TamRNH3 in complex with the substrate, the structures of TBP-like domain of 
BstRNH3 and AaeRNH3 are nearly identical to that of TamRNH3, but their spatial 
localizations are quite different from that of TamRNH3. This result suggests that TBP-like 
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domain of BstRNH3 and AaeRNH3 do not contact the substrate unless they greatly change 
the conformation, as proposed previously [82]. 
To reveal mechanism by which RNase H2 recognizes dsDNAR1 as a substrate, the 
co-crystal structure of TmaRNH2 with DNA5-RNA1-DNA6/DNA12 (D5-R1-D6/D12) duplex 
has been determined [9]. This structure is shown in Figure 1.14. According to this 
structure, TmaRNH2 consists of the N-terminal catalytic domain and C-terminal domain. 
The cleaved strand of the D5-R1-D6/D12 substrate containing single ribonucleotide mostly 
contacts the catalytic domain, whereas the noncleaved strand mostly contacts the C-
Fig. 1.14. Crystal structure of TmaRNH2 in complex with dsDNAR1 
The crystal structures of TmaRNH2 in complex with dsDNAR1 (PDB code: 3O3F) is shown. 
The DNA and RNA strands are colored blue and red respectively. The catalytic domain, C-
terminal domain and C-terminal hairpin helix structure are colored green, magenta and yellow 
respectively. The amino acid residues that interact with the 2’-OH groups of ribonucleotide are 
shown by stick models, in which the oxygen and nitrogen atom are colored red and blue, 
respectively.  
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terminal domain. The 2’-OH group of the single ribonucleotide interacts with the backbone 
nitrogen atoms of Gly21, Arg22 and Gly23, and side chain OH group of Tyr163. The GRG 
residues are conserved in RNases H2 and are termed GRG motif. The tyrosine residue is 
also conserved in RNases H2. The aromatic ring of Tyr163 stacks with the deoxyribose 
ring of the deoxyribonucleotide at position +2, leading to the deformation of the nucleic 
acid backbone at the (5’)DNA-RNA(3’) junction located between positions +1 and +2. 
This deformation is necessary for the cleavage of dsDNAR1 at the (5’)DNA-RNA(3’) 
junction. The stacking interaction between the deoxyribonucleotide at position +2 and the 
conserved tyrosine residue is not formed when deoxyribonucleotide at position +2 is 
replaced by ribonuleotide, due to the presence of the 2’-OH group. This is the reason why 
RNase H2 cleaves not only dsDNAR1 but also RNA-DNA/DNA substrate at the 5’-side of 
the ribonucleotide attached to DNA.  
 
1.9. Objective of the study 
As described in section 1.7, it remains to be determined whether RNase H2 has a 
substrate binding domain, although BsuRNH2 has N-extension, which may function as a 
substrate binding domain. Therefore, the purpose of this study is to identify a novel 
substrate binding domain of RNase H. To examine whether bacterial RNases H2 have N-
extension or C-extension that may function as a substrate binding domain, I compared the 
amino acid sequences of various bacterial RNases H2 with one another at first. I did not 
compare the amino acid sequences of the catalytic subunits of eukaryotic RNases H2, 
because these subunits alone are inactive and require subunits B and C for activity. 
Comparison of the amino acid sequences of bacterial RNases H2 indicates that some of 
them have N-extension or C-extension. Some of them have neither extension. None of 
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them has both N- and C-extensions. For example, BstRNH2 and TmaRNH2 have N-
extension and C-extension respectively. AaeRNH2 has neither extension. Because the 
functions of these extensions still remain unknown, I constructed the BstRNH2 and 
TmaRNH2 derivatives lacking N-extension and C-extension respectively, and 
characterized them. I also characterized AaeRNH2 and compared its biochemical 
properties with those of BstRNH2 and TmaRNH2 to examine whether AaeRNH2 without 
N- and C-extensions is functional like BstRNH2 and TmaRNH2. Finally, I examined 
whether substrate binding domains of bacterial RNases H function as a tag for binding of 
heterologous proteins to RNA/DNA hybrid by constructing the fusion proteins, in which 
HBD of TmaRNH1 (TmaHBD) or N-extension of BstRNH2 (BstNTD) is attached to the 
N-terminus of RNHHIV (RNase H domain of HIV-1 RT).  
The thesis consists of four chapters. In Chapter 1, I summarize the background of 
this work.  
In Chapter 2, I searched database for bacterial RNases H2 with N- or C-extension. I 
found that bacterial RNases H2 are classified into three groups, that contain N-extension, 
C-extension, or neither extension. To examine whether bacterial RNases H2 without these 
extensions are functional like those containing either N- or C-extension, I chose 
AaeRNH2, BstRNH2 and TmaRNH2 as representative members of bacterial RNases H2 
that contain neither extension, N-extension and C-extension respectively and characterized 
them. I showed AaeRNH2 exhibited comparable JRNase activity as those of BstRNH2 and 
TmaRNH2, and was more stable than BstRNH2 and TmaRNH2. Then, to analyze the role 
of N- and C-extensions of BstRNH2 and TmaRNH2, I constructed the derivatives of 
BstRNH2 and TmaRNH2 lacking N- and C-extensions respectively, and characterized 
them. I showed that JRNase activities and RNase H activities of these derivatives as well 
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as their substrate binding affinities, were decreased as compared to those of their intact 
partners. These results suggest that N-extension of BstRNH2 and C-extension of 
TmaRNH2 are important for substrate binding and activity. Moreover, I constructed a 
fusion protein, BstNTD-TmaRNH2ΔC, in which N-extension of BstRNH2 (BstNTD) is 
attached to the N-terminus of TmaRNH2 lacking C-extension (TmaRNH2ΔC), and 
characterized it. I showed that BstNTD partly restored the stability and activity of 
TmaRNH2ΔC. Thus, BstNTD functions as a potent substrate binding domain.  
In Chapter 3, I constructed two fusion proteins, BstNTD-RNHHIV and TmaHBD-
RNHHIV, in which BstNTD and TmaHBD are attached to the N-terminus of RNHHIV, and 
characterized them, to examine whether substrate binding domains of bacterial RNases H 
function as a tag for binding of heterologous proteins to RNA/DNA hybrid. As described 
in section 1.7, RNHHIV is inactive or exhibits very weak Mn2+-dependent RNase H activity. 
I showed that BstNTD and TmaHBD increased substrate binding affinity of RNHHIV and 
the Mn2+-dependent RNase H activity of RNHHIV without significantly affecting its Mg2+-
dependent RNase H activity. This result indicates that BstNTD and TmaHBD functions as 
a substrate binding domain in an isolated form and can be used as a tag for binding of 
heterologous proteins to RNA/DNA hybrid. 
In Chapter 4, I summarize this work and describe the future remarks. 
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CHAPTER 2 
Role of N-terminal extension of Bacillus stearothermophilus RNase H2 
and C-terminal extension of Thermotoga maritima RNase H2 
 
2.1. Introduction 
As described in Chapter 1, RNases H often have a substrate binding domain, 
although they do not always have it.  As shown in Figure 1.9, EcoRNH1 and HsaRNH1 
have substrate binding domains, termed basic protrusions, at the middle of the catalytic 
domains. TmaRNH1 and HsaRNH1 have HBDs at the N-terminus. BstRNH3 has a TBP-
like domain at the N-terminus. StoRNH1 and EcoRNH2 do not have a substrate binding 
domain. However, it remains to be determined whether RNase H2 has a substrate binding 
domain. It has been reported that BsuRNH2 has a relatively long N-terminal extension (N-
extension) as compared to EcoRNH2 [7]. Because the amino acid sequence of this 
extension does not show a significant similarity to that of HBD or TBP-like domain, this 
extension is probably folded into a unique structure. However, the role of this extension 
remains to be analyzed. In addition, it remains to be determined whether this extension is 
conserved in other RNases H2 and whether RNases H2 with another N- or C-terminal 
extension exist in nature. These extensions may be folded into a relatively independent 
structure and may function as a substrate binding domain. Therefore, I decided to compare 
the amino acid sequences of various bacterial RNases H2 to identify these extensions and 
analyze their roles. I did not compare the amino acid sequences of eukaryotic RNases H2, 
because eukaryotic RNase H2 is heterotrimeric and a catalytic subunit requires other two 
subunits for activity [2].   
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In this Chapter, I showed that bacterial RNases H2 are classified into three groups 
that contain N-extension, C-extension and neither extension. I chose BstRNH2, TmaRNH2 
and AaeRNH2 as representative members of RNases H2 that contain N-extension, C-
extension and neither extension respectively, and characterized them. I showed that 
AaeRNH2 requires neither extension for activity and stability. I also showed that N-
extension of BstRNH2 and C-extension of TmaRNH2 are important for activity, substrate 
binding and stability. Based on these results, I discuss the roles of N- and C-extensions of 
bacterial RNases H2.  
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2.2 Materials and methods 
2.2.1. Plasmid construction 
Plasmid pET800TM and pET600AA for overproduction of TmaRNH2 and 
AaeRNH2, respectively, were constructed by polymerase chain reaction (PCR) using the 
genomic DNA of T. maritima and A. aeolicus as a template. Plasmid pET800BS for 
overproduction of BstRNH2 was constructed by ligating the NdeI-SalI fragment of 
pJAL800ST containing the BstRNH2 gene, which was firstly constructed from the 
genomic DNA of B. stearothermophilus CU21, into the NdeI-SalI sites of pET25b 
(Novagen, Madison, WI, USA).  
Plasmids pET670TMΔC and pET620BSΔN for overproduction of TmaRNH2ΔC 
and BstRNH2ΔN, respectively, were constructed by PCR using the KOD-Plus mutagenesis 
kit (Toyobo, Kyoto, Japan) according to the manufacturer’s instructions. Plasmids 
pET800TM and pET800BS were used as a template. The mutagenic primers were 
designed such that the C-terminal 46 residues of TmaRNH2 and N-terminal 59 residues of 
BstRNH2 are removed. Plasmid pET850BSTMΔC for overproduction of BstNTD-
TmaRNH2ΔC was constructed by the overlap PCR extension method as described 
previously for the construction of the plasmid for complementation assay [7]. The DNA 
oligomers for PCR were synthesized by Hokkaido System Science (Sapporo, Japan). PCR 
was performed using a GeneAmp PCR system 2400 (Applied Biosystems, Tokyo, Japan). 
All DNA sequences were confirmed by ABI Prism 310 DNA sequencer (Applied 
Biosystems). 
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2.2.2. Overproduction and purification 
I used E. coli MIC2067(DE3), which lacks the rnhA and rnhB genes, as a host 
strain to overproduce the protein and to avoid contamination of RNases H1 and H2 from 
host-cells [14]. E. coli MIC2067(DE3) transformants were grown at 30°C in Luria-Bertani 
(LB) medium containing 30 mg.L-1 chloramphenicol and 50 mg.L-1 ampicillin.  
For purification of AaeRNH2, cells were harvested by centrifugation at 3,000 g for 
30 min, suspend in 20 mM sodium acetate (pH 5.5) containing 1 mM EDTA (buffer A), 
disrupted by French press lysis, and centrifuged at 30,000 g for 30 min. The supernatant 
was dialyzed against buffer A and applied into a Hitrap Q HP column (GE Healthcare, 
Tokyo, Japan) equilibrated with buffer A. The flow-through containing the protein was 
pooled and applied to a Hitrap SP HP column equilibrated with the same buffer. The 
protein was eluted from the column with a linear gradient of NaCl from 0 to 1 M in the 
same buffer. The fractions containing the protein were collected, dialyzed against buffer A, 
and loaded into a Hitrap Heparin HP column (GE Healthcare) equilibrated with the same 
buffer. The protein was eluted from the column with a linear gradient of NaCl from 0 to 1 
M in the same buffer. The final fractions containing the protein were collected and 
dialyzed against 20 mM sodium acetate (pH 5.5). 
TmaRNH2 was overproduced and purified, in which cells were harvested by 
centrifugation at 3,000 g for 30 min, suspend in 20 mM Tris-HCl (pH 8.0) containing 1 
mM EDTA (buffer A), disrupted by sonication lysis, and centrifuged at 30,000 g for 30 
min. The supernatant was subjected to a heat treatment at 75°C for 10 min and centrifuged 
at 30,000 g for 30 min. Then, it was purified as described for AaeRNH2, with slight 
modifications. It was purified by two, instead of three, chromatographic procedures with a 
HiTrap SP column and a Hitrap Heparin column. These columns were equilibrated with 20 
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mM Tris-HCl (pH 8.0) containing 1 mM EDTA, instead of 20 mM sodium acetate (pH 
5.5) containing 1 mM EDTA.  
TmaRNH2ΔC was overproduced and purified as described for TmaRNH2, except 
that the heat treatment and chromatography using a HiTrap SP column were not 
performed, and the gel filtration chromatography using a HiLoad 16/60 Superdex 200pg 
column (GE Healthcare) equilibrated with 20 mM Tris-HCl (pH 8.0) containing 150 mM 
NaCl was newly performed at the end of the purification procedures. BstNTD-
TmaRNH2ΔC was purified as described for TmaRNH2ΔC, except that the 
chromatography using a HiTrap Q HP column was newly performed at the beginning of 
the chromatographic procedures and the concentration and pH of the Tris-HCl buffer were 
changed to 10 mM and pH 7.0, respectively.  
BstRNH2 and BstRNH2ΔN were overproduced as described for AaeRNH2, except 
that the columns of HiTrap Q HP, Hitrap SP, and HiTrap Heparin were equilibrated with 
10 mM Tris-HCl (pH 7.0) containing 1 mM EDTA, and a HiLoad 16/60 Superdex 200pg 
column equilibrated with 10 mM Tris-HCl (pH 7.0) containing 150 mM NaCl were newly 
performed at the end of the purification procedures.  
The purity of the protein was analyzed by SDS/PAGE using a 15% polyacrylamide 
gel [83], followed by staining with Coomassie Brilliant Blue (CBB). The protein 
concentration was determined from UV absorption using an A280 value of 0.1% solution 
(1.0 mg.mL-1) of 0.88 cm-1 for AaeRNH2, 0.24 cm-1 for TmaRNH2, 0.30 cm-1 for 
TmaRNH2ΔC, 0.65 cm-1 for BstNTD-TmaRNH2ΔC, 0.91 cm-1 for BstRNH2, 0.66 cm-1 
for BstRNH2ΔN. These values were calculated by using absorption coefficients of 
1576 M−1.cm−1 for Tyr and 5225 M−1.cm−1 for Trp at 280 nm [84]. 
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2.2.3. Enzymatic activity 
The JRNase and RNase H activities were determined by using 29-bp DNA15-
RNA1-DNA13/DNA29 (D15-R1-D13/D29) and 12-bp RNA12/DNA12 (R12/D12) as a 
substrate respectively. These substrates were prepared by hybridizing 1 µM of 5’-
fluorescence-labeled DNA15-RNA1-DNA13 (5’-
AATAGAGAAAAAGAAaAAAGATGGCAAAG-3’) and RNA12 (5’-cggagaugacgg-3’) 
with a 1.5 molar equivalent of the complementary DNA, as described previously [7]. In 
these sequences, DNA and RNA are represented by uppercase and lowercase letters, 
respectively. All oligonucleotides were synthesized by Hokkaido System Science. The 
cleavage of the substrate at 30°C for 15 min and separation of the products on a 20% 
polyacrylamide gel containing 7 M urea were carried out as described previously [7]. The 
products were detected by Typhoon 9210 Imager (GE Healthcare) and quantified by 
ImageQuant 5.2. One unit was defined as the amount of enzyme hydrolyzing 1 nmol of the 
substrate per min at 30°C. The specific activity was defined as the enzymatic activity per 
milligram of protein.  
The reaction buffers were 10 mM Tris-HCl (pH 8.0) containing 10 mM MnCl2 or 
MgCl2, 10 mM (for BstRNH2ΔN) or 50 mM (for BstRNH2) NaCl, 1 mM 2-
mercaptoethanol (2-ME), and 10 µg.mL-1 bovine serume albumin (BSA) for BstRNH2  
and BstRNH2ΔN; 15 mM Tris-HCl (pH 8.0) containing 1 mM MnCl2 or MgCl2, 50 mM 
NaCl, 1 mM DTT, and 100 µg.mL-1 BSA for TmaRNH2, Tma-RNH2ΔC, and BstNTD-
Tma-RNH2ΔC; 20 mM Tris-HCl (pH 8.5) containing 10 mM MnCl2 or MgCl2, 100 mM 
KCl, 1 mM 2-ME, and 100 µg.mL-1 BSA for AaeRNH2. 
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2.2.4. CD Spectra 
The far-UV (200-260 nm) CD Spectra were measured on a J-725 
spectropolarimeter (Japan Spectroscopic, Tokyo, Japan) at 25°C. The protein was 
dissolved in 10 mM Tris-HCl (pH 8.0) at the concentration of approximately 0.1 mg.mL-1. 
A cell with an optical path length of 2 mm was used. The mean residue ellipticity, θ, which 
has the units of deg.cm-2.dmol-1, was calculated by using a mean amino acid molecular 
mass of 110 Da. 
 
2.2.5. Analysis of binding to substrate 
Binding of the protein to the substrate was analyzed in the absence of the metal 
cofactor using a Biacore X instrument (Biacore, Uppsala, Sweden) as described previously 
[76], except that the substrate used to determine the RNase HR1 activity (D15-R1-
D13/D29) was immobilized on the sensor chip. The protein was dissolved in 10 mM Tris-
HCl (pH 8.0) containing 50 mM NaCl, 1 mM 2-ME, 1mM EDTA, 0.005% Tween P20 at 
various concentrations, and injected onto the sensor chip at 25°C at a flow rate of 20 
µL.min-1. The binding surface was regenerated by washing with 2M NaCl. The association 
constant KA was estimated from the equilibrium levels of the protein binding to the surface 
as previously described [14]. 
 
2.2.6. Thermal denaturation 
Thermal denaturation curves of the proteins were obtained by monitoring the 
change in CD values at 222 nm as the temperature was increased. The protein was 
dissolved in 10 mM Tris-HCl (pH 8.0) containing 1.5 M GdnHCl. The protein 
concentration and optical path length were 0.1 mg.mL-1 and 2 mm, respectively. The 
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temperature of the protein solution was linearly increased by approximately 1.0°C.min-1. 
Thermal denaturation of these proteins was reversible in this condition. The temperature of 
the mid-point of the transition, Tm, was calculated by curve fitting of the resultant CD 
values versus temperature data on the basis of a least-squares analysis. 
 
2.2.7. 3D modeling 
I used online software of the SWISS-MODEL program to build a 3D model for the 
structures of AaeRNH2, BstRNH2ΔN, and TmaRNH2ΔC [85], based on the crystal 
structure of TmaRNH2 (PDB code 3O3F) as a template structure. Of various RNases H for 
which the crystal structures are available, TmaRNH2 shows the highest amino acid 
sequence identities of 46.8% to AaeRNH2 and 51.6% to BstRNH2.  
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2.3. Results 
2.3.1. Identification of N- and C-terminal extensions of RNases H2 
The amino acid sequences of various bacterial RNases H2 are shown in Figure 2.1. 
Comparison of these sequences indicates that bacterial RNases H2 are classified into three 
groups that contain a relatively long N-terminal extension (N-extension), a relatively long 
C-terminal extension (C-extension) and neither extension. None of bacterial RNases H2 
has both extensions. To examine whether these extensions are structurally and/or 
functionally important, I chose BstRNH2 and TmaRNH2 as representative members of 
RNases H2 with N- and C-extensions respectively, constructed the BstRNH2 derivative 
without N-extension (BstRNH2ΔN) and TmaRNH2 derivative without C-extension 
(TmaRNH2ΔC) and compared their biochemical properties with those of their intact 
partners, as described below. I also chose AaeRNH2 as a representative member of 
bacterial RNases H2 without both extensions and characterize it to examine whether 
bacterial RNases H2 without both extensions are functional, as described below. I chose 
BstRNH2, TmaRNH2 and AaeRNH2 as representative members in this study, because 
their source organisms are thermophiles. Proteins from thermophiles are usually 
thermostable, and thermostable proteins are more tolerant to deletion or mutation that 
destabilizes the protein than thermolabile proteins.  
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Fig. 2.1. Alignment of the amino acid sequences of bacterial RNases H2. 
The amino acid sequences of bacterial RNases H2, which show the amino acid sequence identities of 40-50% to Thermotoga maritima RNase H2 (Tma) 
and are not selected from the same genus redundantly, are compared with one another. They are RNases H2 from Bacillus stearothermophilus RNase 
H2 (Bst), Ruminococcus obeum ATCC 29174 (Rob), Blautia hansenii DSM 20583 (Bla), Bryantella formatexigens DSM 14469 (Brf), Megasphaera 
micronuciformis F0359 (Mmi), Enterococcus faecium E980 (Efa), Streptococcus pyogenes MGAS8232 (Spy), Listeria welshimeri serovar 6b str. 
SLCC5334 (Lwe), Staphylococcus arlettae CVD059 (Sta), Planococcus donghaensis MPA1U2 (Pdo), Clostridium botulinum D str. 1873 (Cbo), 
Mycobacterium leprae (Mle), Acidovorax citrulli AAC00-1 (Acc), Arthrobacter crystallopoietes BAB-32 (Acr), Comamonas testosteroni ATCC 11996 
(Cte), Cupriavidus necator N-1 (Cun), Burkholderia sp. SJ98 (Bur), Fervidobacterium pennivorans (Fpe), Fulvimarina pelagi HTCC2506 (Fup), 
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Bradyrhizobium japonicum USDA 110 (Bja), Anaplasma centrale str. Israel (Ace), Gluconacetobacter oboediens 174BP2 (Gob), Aquifex aeolicus 
RNase H2 (Aae), Eschericia coli (Eco), Thermodesulfovibrio yellowstonii (Tye), Ehrlichia ruminantium str. Welgevonden (Eru), Wolbachia 
endosymbiont WVITB of Nasonia vitripennis (Wen), Rickettsia prowazekii (Rpr), Sphingobium japonicum UT26S (Sja), Pseudomonas sp. GM78 (Psp), 
Idiomarina loihiensis L2TR (Ilo), Cronobacter condimenti 1330 (Cco), Alishewanella aestuarii B11 (Ala), Vibrio vulnificus CMCP6 (Vvu), 
Haemophilus haemolyticus M21639 (Hha), Aggregatibacter actinomycetemcomitans D7S-1 (Aga), Shewanella baltica OS183 (Sba), Neisseria 
meningitidis CU385 (Nme), and Halomonas elongata DSM 2581 (Hel). The accession numbers are BAB91155 for Bst, ZP_04863469 for Rob, 
ZP_05854594 for Bla, ZP_05345594 for Brf, ZP_07757987 for Mmi, ZP_06681343 for Efa, NP_607244 for Spy, YP_849487 for Lwe, ZP_11000244 
for Sta, ZP_08094793 for Pdo, ZP_04863469 for Cbo, AAD35996 for Tma, B8ZRW3 for Mle, YP_970195 for Acc, ZP_24037048 for Acr, 
ZP_13098281 for Cte, YP_004685800 for Cun, ZP_11402099 for Bur, AFG35810 for Fpe, ZP_01438193 for Fup, NP_769161 for Bja, YP_003328826 
for Ace, ZP_08899936 for Gob, AAC07736 for Aae, ACI71167 for Eco, ACI21777 for Tye, CAH57892 for Eru, ZP_08970534 for Wen, ADE29713 
for Rpr, NC_014006 for Sja, NZ_AKJF01000065 for Psp, YP_156052 for Ilo, NZ_CAKW01000035 for Cco, ZP_10493190 for Ala, NP_760749 for 
Vvu, ZP_12492015 for Hha, YP_006286548 for Aga, NZ_CM001435 for Sba, NZ_AEQJ01000005 for Nme, and NC_014532 for Hel. For the RNase 
H domain, the amino acid residues that are conserved in at least 34 and 15 different proteins are highlighted in black and grey, respectively. For the N- 
and C-terminal extensions, the amino acid residues that are conserved in at least 9 and 5 different proteins are highlighted in black and grey, 
respectively. The active site residues are indicated by the filled circles above the sequences. The residues of TmaRNH2 that contact the 2’-OH group of 
the single ribonucleotide of the substrate (conserved tyrosine residue and the residues forming a GRG motif) [9] are indicated by the stars. The N-
terminal and C-terminal extensions are indicated. Gaps are denoted by dashes. The numbers represent the positions of the amino acid residues relative 
to the initiator methionine for each protein. 
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2.3.2. Protein preparation 
 BstRNH2 and TmaRNH2 have the N-terminal extension with 59 residues (Met1-
Leu59) and C-terminal extension with 45 residues (Asp194-Phe238), respectively, as 
compared to AaeRNH2 (Fig. 2.2). According to the crystal structure of TmaRNH2 in 
complex with the substrate (duplex DNA with a single ribonucleotide) [9], which is the 
only structure available for bacterial RNases H2, the C-terminal extension of TmaRNH2 
Fig. 2.2. Alignment of the amino acid sequences. 
The amino acid sequences of BstRNH2 (Bst), TmaRNH2 (Tma), and AaeRNH2 (Aae) are 
compared with one another. The accession numbers are BAB91155 for BstRNH2, AAD35996 
for TmaRNH2, and AAC07736 for AaeRNH2. The ranges of the secondary structures of 
TmaRNH2 are shown above the sequences. The amino acid residues that are conserved in at 
least 2 different proteins are highlighted in black. The active site residues are indicated by the 
filled circles above the sequences. The residues of TmaRNH2 that contact the 2’-OH group of 
the single ribonucleotide of the substrate (conserved tyrosine residue and the residues forming a 
GRG motif) are indicated by the stars. Gaps are denoted by dashes. The numbers represent the 
positions of the amino acid residues relative to the initiator methionine for each protein. The N-
terminal 59 residues of BstRNH2 and C-terminal 46 residues of TmaRNH2, which are truncated 
to construct BstRNH2ΔN and TmaRNH2ΔC, respectively, are boxed. 
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assumes a relatively independent helix hairpin structure (helices I and J) (Fig. 2.3). To 
analyze the role of these extensions, BstRNH2ΔN (Met60-Asn259) and TmaRNH2ΔC 
(Met1-Leu192) without these extensions were constructed. TmaRNH2ΔC lacks the C-
terminal 46, instead of 45, residues. The enzymatic properties of TmaRNH2ΔC may not be 
seriously changed regardless of whether the C-terminal 45 or 46 residues are truncated.  
I used E. coli MIC2067(DE3) lacking the rnhA and rnhB genes to overproduce 
BstRNH2ΔN and TmaRNH2ΔC, as well as their intact partners. AaeRNH2, which consists 
Fig. 2.3. C-terminal helix hairpin structure of TmaRNH2. 
A stereoview of the 3D model of TmaRNH2 in complex with 29 bp dsDNA containing 
single ribonucleotide (D15-R1-D13/D29) is shown in blue and red, respectively. The C-
terminal helix hairpin structure truncated to construct TmaRNH2ΔC (Thr193-Phe238) is 
shown in yellow. Helices F-J, which constitute the C-terminal domain of TmaRNH2, are 
indicated. ‘N’ and ‘C’ represent the N- and C-termini, respectively.  
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of 196 amino acid residues, was also overproduced in this strain to examine whether it 
exhibits similar enzymatic activities to those of BstRNH2ΔN and TmaRNH2ΔC. 
AaeRNH2 shows the amino acid sequence identities of 41.0% to BstRNH2ΔN and 46.8% 
to TmaRNH2ΔC. Upon overproduction, all proteins accumulated in E. coli cells in a 
soluble form and were purified to give a single band on SDS-PAGE (Fig. 2.4). The amount 
of the protein purified from 1 L culture was approximately 1 mg for BstRNH2 and 
BstRNH2ΔN, 10 mg for TmaRNH2, 7 mg for TmaRNH2ΔC, and 2 mg for AaeRNH2. The 
molecular masses of these proteins were estimated to be 31 kDa for BstRNH2, 24 kDa for 
BstRNH2ΔN, 27 kDa for TmaRNH2, 22 kDa for TmaRNH2ΔC, and 22 kDa for 
AaeRNH2 by the gel filtration chromatography. These values are comparable to those 
calculated from the amino acid sequences (28.8 kDa for BstRNH2, 21.6 kDa for 
BstRNH2ΔN, 26.6 kDa for TmaRNH2, 21.1 kDa for TmaRNH2ΔC, and 22 kDa for 
AaeRNH2), suggesting that these proteins exist as a monomer in solution.  
 
 
 
 
 
 
Fig. 2.4. SDS-PAGE of the purified proteins. 
BstRNH2 (lane 1), BstRNH2ΔN (lane 2), TmaRNH2 (lane 3), TmaRNH2ΔC (lane 4), BstNTD-
TmaRNH2ΔC (lane 5), and AaeRNH2 (lane 6) were subjected to electrophoresis on a 15% 
polyacrylamide gel in the presence of SDS. After electrophoresis, the gel was stained with 
Coomassie Brilliant Blue (CBB). Lane M, a low-molecular-weight marker kit (GE Healthcare). 
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2.3.3. CD spectra 
I measured the far- and near-UV CD spectra of the proteins at 25°C and pH 8.0 
(Fig. 2.5-A,B). The far-UV CD spectra reveal the secondary structures of the proteins, 
whereas the near-UV CD spectra reveal the local conformation around the aromatic 
residues, such as Trp and Tyr. The far-UV CD spectra of BstRNH2ΔN and TmaRNH2ΔC 
are similar to those of their intact partners, although these spectra have a shallower trough 
at 210-220 nm than the spectra of their intact partners. The near-UV CD spectrum of 
TmaRNH2ΔC is also similar to that of TmaRNH2. In contrast, the near-UV CD spectrum 
of BstRNH2ΔN is different from that of BstRNH2. These results suggest that the removal 
of the N- and C-terminal extensions does not seriously affect the overall structures of 
BstRNH2 and TmaRNH2 respectively. The near-UV CD spectrum of BstRNH2 is changed 
by the removal of the N-terminal extension, probably because the environment of the 
Fig. 2.5. CD spectra. The far-UV (A) and near-UV (B) CD spectra of BstRNH2 (thin dashed 
dark line), BstRNH2ΔN (thin solid dark line), TmaRNH2 (thick dashed dark line), 
TmaRNH2ΔC (thick solid dark line), AaeRNH2 (solid gray line), and BstNTD-TmaRNH2ΔC 
(dashed grey line) are shown. These spectra were measured at 25°C as described in the Section 
2.2.4. 
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aromatic residues located near the interface between the deleted region and RNase H 
domain is altered. According to a 3D model of BstRNH2ΔN, two tyrosine residues (Tyr67 
and Tyr101) are located near the position where the N-terminal residue is located (Fig. 2.6). 
These residues, as well as two tryptophan residues (Trp24 and Trp56) in the deleted region, 
are the candidates of the aromatic residues located near the interface. According to the 
crystal structure of TmaRNH2, none of the tryptophan and tyrosine residues is located at 
and around the deleted region. 
The far-UV CD spectra of BstRNH2ΔN, TmaRNH2ΔC, and AaeRNH2 are similar 
Fig. 2.6. Stereoviews of the 3D models of AaeRNH2 and BstRNH2ΔN. The 3D models of 
AaeRNH2 (purple) and BstRNH2ΔN (cyan) are superimposed on the crystal structure of 
TmaRNH2 (green) (PDB code 3O3F). The four acidic active site residues of AaeRNH2 (Asp19, 
Glu20, Asp11, and Asp127) and two tyrosine residues (Tyr67 and Tyr101) of BstRNH2ΔN, 
which are presumably located near the interface between the deleted region and RNase H 
domains of BstRNH2, are shown by stick models. The four acidic active site residues of other 
proteins are not shown, because their positions are nearly identical with those of AaeRNH2. In 
the structure of TmaRNH2, the region truncated to construct TmaRNH2ΔC is shown in yellow. 
“N” and “C” represent the N- and C-termini of TmaRNH2, respectively.  
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with one another, suggesting that they share a main-chain fold. In contrast, the near-UV 
CD spectra of these proteins are different from one another, suggesting that the local 
conformations around the aromatic residues of these proteins are different from one 
another. BstRNH2ΔN and TmaRNH2ΔC do not contain a tryptophan residue but contain 
nine and four tyrosine residues, respectively. AaeRNH2 contains one tryptophan and nine 
tyrosine residues. Only two tyrosine residues are conserved in these proteins. These 
differences may account for the difference in their near-UV CD spectra.  
 
2.3.4. Enzymatic activities 
The JRNase and RNase H activities of all proteins were determined at 30°C using 
29-bp DNA15-RNA1-DNA13/DNA duplex (D15-R1-D13/D29) and 12-bp RNA/DNA 
hybrid (R12/D12) as a substrate, respectively. Mn2+ and Mg2+ ions were used as a metal 
cofactor. All proteins examined cleaved the D15-R1-D13/D29 substrate almost exclusively 
at the (5’)DNA-RNA(3’) junction regardless of the metal cofactor (Fig. 2.7-A). In contrast, 
BstRNH2, TmaRNH2, and AaeRNH2 cleaved the R12/D12 substrate at multiple sites with 
different sequence preferences (Fig. 2.7-B). The preferable cleavage sites of this substrate 
with TmaRNH2 were not significantly changed when the metal cofactor was changed and 
were comparable to those with TmaRNH2ΔC. In contrast, the preferable cleavage sites of 
this substrate with BstRNH2 were slightly changed when the metal cofactor was changed 
and were different from those with BstRNH2ΔN. The preferable cleavage sites of this 
substrate with AaeRNH2 were also slightly changed when the metal cofactor was changed. 
These results indicate that the sequence preference of TmaRNH2 is not significantly 
changed by the removal of the C-terminal extension, whereas that of BstRNH2 is changed 
by the removal of the N-terminal extension.  
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The specific JRNase and RNase H activities of the proteins were determined by 
quantifying the amount of the substrate and products separated on urea gel. For simplicity, 
Fig. 2.7. Cleavage of oligomeric 
substrates by various RNases H. 
The 5′-end-labeled DNA15-RNA1-
DNA13/DNA29 (A) and RNA12/DNA12 
(B) were hydrolyzed by the enzyme in 
the presence of either Mn2+ or Mg2+ at 
30 °C for 15 min, and the hydrolysates 
were separated on a 20% 
polyacrylamide gel containing 7 M 
urea, as described in Section 2.2.3. 
The reaction volume was 10 µL, and 
concentration of the substrate was 
1.0 µm. The sequences of DNA15-
RNA1-DNA13 and RNA12 around the 
cleavage sites are indicated along the 
gel. Deoxyribonucleotides are 
indicated by uppercase letters, and 
ribonucleotides are indicated by 
lowercase letters. Enzymes: Bst, 
BstRNH2; BstΔN, BstRNH2ΔN; Tma, 
TmaRNH2; TmaΔC, TmaRNH2ΔC; 
BstN–TmaΔC, BstNTD–
TmaRNH2ΔC; Aae, AaeRNH2. The 
major site of cleavage of DNA15-
RNA1-DNA13 by these enzymes is 
shown by an arrow. The cleavage sites 
of RNA12 are not shown, because this 
oligonucleotide is cleaved by these 
enzymes at all possible sites between 
g2 and g12. 
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the JRNase and RNase H activities determined in the presence of Mn2+ and Mg2+ ions are 
termed JRNaseMn, JRNaseMg, RNase HMn, and RNase HMg activities. The optimum 
concentrations of the metal ions for these activities were 10 mM for BstRNH2ΔN, 
BstRNH2, and AaeRNH2, and 1 mM for TmaRNH2ΔC and TmaRNH2, regardless of the 
metal cofactor (data not shown). The maximal specific JRNaseMn, JRNaseMg, RNase HMn, 
and RNase HMg activities of these proteins are summarized in Table 1.	   
When the four activities mentioned above are compared with one another for 
BstRNH2, TmaRNH2, and AaeRNH2, the JRNaseMn activity is always the highest and 
other activities decrease in the order JRNaseMn > JRNaseMg > RNase HMn > RNase HMg. 
However, the JRNaseMg activity is lower than the JRNaseMn activity by only 40-50% for 
these proteins. In contrast, the RNase HMg activity is lower than the RNase HMn activity by 
10 fold for BstRNH2, 100 fold for TmaRNH2, and 50 fold for AaeRNH2. These results 
indicate that BstRNH2, TmaRNH2, and AaeRNH2 show a weak preference to Mn2+ ion 
for JRNase activity and a strong preference to Mn2+ ion for RNase H activity. In addition, 
The RNase HMn activity is lower than the JRNaseMg activity by 4 fold for BstRNH2, 1.5 
fold for TmaRNH2, and 7 fold for AaeRNH2, indicating that these proteins prefer the 
D15-R1-D13/D29 substrate to the R12/D12 substrate. Similar results have been reported 
for TmaRNH2, except that it shows a weak preference to Mg2+, instead of Mn2+, ion for 
JRNase activity [9]. This discrepancy is probably caused by the difference in the substrate 
used for assay. 
When the four activities of BstRNH2ΔN are compared with those of BstRNH2, 
they are reduced by 7 fold for JRNaseMn activity, 40 fold for JRNaseMg activity, 10 fold for 
RNase HMn activity, and 9 fold for RNase HMg activity. These results indicate that the N-
terminal extension of BstRNH2 is important for activity, especially for JRNaseMg activity. 
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When the four activities of TmaRNH2ΔC are compared with those of TmaRNH2, they are 
reduced by 90 fold for JRNaseMn activity, 440 fold for JRNaseMg activity, 500 fold for 
RNase HMn activity, and 7 fold for RNase HMg activity. These results indicate that the C-
terminal extension of TmaRNH2 is important for activity, especially for JRNaseMn, 
JRNaseMg, and RNase HMn activities.  
  
 
 
Table 1. Specific activities of the proteins.   
 JRNaseMn Relative JRNaseMg Relative RNase HMn Relative RNase HMg Relative 
Protein activity activity activity activity activity activity activity activity 
 (unit/mg) (%) (unit/mg) (%) (unit/mg) (%) (unit/mg) (%) 
TmaRNH2  6.2 ± 0.44 100 3.4 ± 0.047 55 2.2 ± 0.094 35 0.022 ± 0.0002 0.35 
TmaRNH2ΔC 0.070 ± 0.0030      1.1      0.0077 ± 0.0013 0.12    0.0044 ± 0.0012 0.070 0.0033 ± 0.0009 0.053 
    (0.23)  (0.20)  (15) 
BstNTD- 
TmaRNH2ΔC 1.2 ± 0.047 19 0.56 ± 0.008 9.0    0.65 ± 0.028 10 0.025 ± 0.0028 0.40 
    (16)  (29)  (110) 
BstRNH2  4.7 ± 0.15 76 2.7 ± 0.037 44 0.67 ± 0.019 11 0.067 ± 0.003 1.1 
BstRNH2ΔN 0.69 ± 0.019 11 0.068 ± 0.001 1.1 0.070 ± 0.004          1.1 0.0071 ± 0.0012 0.11  
  (15)  (2.5)  (10)              (11) 
AaeRNH2  4.3 ± 0.29 69 2.4 ± 0.16 39 0.33 ± 0.005 5.3 0.0092 ± 0.0011 0.15 
Hydrolyses of the D15-R1-D13/D29 (for JRNase activity) and R12/D12 (for RNase H activity) 
substrates by the protein were performed at 30°C under the conditions described in the Section 
2.2.3. The MnCl2 and MgCl2 concentrations were 1 mM for TmaRNH2 and TmaRNH2ΔC, and 10 
mM for other proteins, regardless of the metal ions. Experiments were carried out at least twice 
and the average values are shown together with the errors. The specific activities of the proteins 
relative to the JRNaseMn activity of TmaRNH2 are shown. The specific JRNaseMn, JRNaseMg, 
RNase HMn, and RNase HMg activities of the mutant proteins (TmaRNH2ΔC, BstNTD-
TmaRNH2ΔC, and BstRNH2ΔN) relative to those of the parent proteins are shown in the 
parentheses. 
Role of N- and C-terminal extensions of RNases H2 Chapter 2 	  
Page 49 	  
	  
2.3.5. Complementation of the temperature-sensitive (ts) growth phenotype of an 
RNase H-deficient E. coli strain 
E. coli MIC2067(DE3) shows an RNase H-dependent temperature-sensitive (ts) 
growth phenotype [53]. To examine whether BstRNH2, BstRNH2ΔN, TmaRNH2, 
TmaRNH2ΔC, and AaeRNH2 complement this phenotypic defect, E. coli MIC2067(DE3) 
transformants for overproduction of these proteins were grown on the LB-agar plates 
containing 30 mg.L-1 chloramphenicol and 50 mg.L-1 ampicillin in the absence of IPTG at 
permissive (30°C) and non-permissive (42°C) temperatures. E. coli transformants for 
overproduction of BstRNH2 and TmaRNH2 formed colonies on these plates both at 30 and 
42°C, whereas those for overproduction of other proteins only formed colonies at 30°C 
(data not shown). These results indicate that BstRNH2 and TmaRNH2 complement the ts 
phenotype of MIC2067(DE3), whereas other three proteins do not. Because the JRNase 
activity of AaeRNH2 is comparable to that of BstRNH2 regardless of the metal cofactor 
(Table 1), the RNase H activities of BstRNH2ΔN, TmaRNH2ΔC, and AaeRNH2 are 
probably too low to complement the ts phenotype of MIC2067(DE3). It seems unlikely 
that the production levels of these proteins are too low to complement this phenotype, 
because the production levels of these proteins upon induction for overproduction are 
comparable to or rather higher than that of BstRNH2 (data not shown). 
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2.3.6. Binding to the substrate 
To examine whether the removal of the N-terminal extension of BstRNH2 and C-
terminal extension of TmaRNH2 affects the substrate binding, I analyzed the binding 
affinities of Bst-RNH2, Bst-RNH2ΔN, Tma-RNH2, and Tma-RNH2ΔC to the D15-R1-
R13/D29 substrate in the absence of the metal cofactor using surface plasmon resonance 
(Biacore system). These proteins were injected onto the sensor chip, on which the D15-R1-
D13/D29 substrate was immobilized. When 1 µM of Bst-RNH2 or Tma-RNH2 was 
injected onto the sensor chip, a significant increase of RU was detected (Fig. 2.8). In 
contrast, only a slight increase of RU was detected, when 1 µM of Bst-RNH2ΔN or Tma-
RNH2ΔC was injected. The association constants, KA, of these proteins for binding to the 
substrate, which were determined by measuring the equilibrium-binding responses at 
various concentrations of the proteins, are summarized in Table 2. The KA values of 
BstRNH2ΔN and TmaRNH2ΔC were lower than those of BstRNH2 and TmaRNH2 by 
approximately 30 and >100 fold, respectively. These results indicate that the removal of 
the N-terminal extension of BstRNH2 and C-terminal extension of TmaRNH2 greatly 
reduces the binding affinities of these proteins to the substrate.  
 
Fig. 2.8. Binding of the proteins to immobilized 
dsDNA with a single ribonucleotide. The 
sensorgrams showing the binding of 1 µM of 
BstRNH2 (thin dashed line), BstRNH2ΔN (thin 
solid line), TmaRNH2 (thick dashed line), and 
TmaRNH2ΔC (thick solid line) to the immobilized 
D15-R1-D13/D29 substrate are shown. Injections 
were done at time zero for 30 s. 
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2.3.7. Thermal stability 
To examine whether the removal of the N-terminal extension of BstRNH2 and C-
terminal extension of TmaRNH2 affects the protein stability, thermal stability of 
BstRNH2, BstRNH2ΔN, TmaRNH2, and TmaRNH2ΔC was analyzed by monitoring 
changes of the CD values at 222 nm. Thermal stability of AaeRNH2 was also analyzed for 
comparative purpose. In the presence of 1.5 M guanidine hydrochloride (GdnHCl) at pH 
8.0, all proteins unfolded in a single cooperative fashion in a reversible manner. The 
thermal denaturation curves of these proteins are compared with one another in Figure 2.9. 
The parameters characterizing the thermal denaturation of these proteins are summarized 
in Table 3. Comparison of these parameters indicates that BstRNH2ΔN and TmaRNH2ΔC 
are less stable than their intact partners by 11.2 and 19.5°C in Tm, respectively. The ΔHm 
and ΔSm values of these proteins are also decreased as compared to those of their intact 
partners. These results indicate that the N-terminal extension of BstRNH2 and C-terminal 
extension of TmaRNH2 greatly contribute to the protein stabilization. Comparison of the 
Protein  KA (M-1) x 10-5 Relative KA (%) 
BstRNH2 190 100 
BstRNH2ΔN 6.1 3.2 
TmaRNH2 3.4 1.8 
TmaRNH2ΔC < 0.03 < 0.02 (< 0.9) 
BstNTD-TmaRNH2ΔC 10 5.3 (290) 
AaeRNH2 3.9 2.1 
Table 2. Association constants of the proteins for substrate binding 
Binding of the proteins to the D15-R1-D13/D29 substrate immobilized onto the sensor chip 
was analyzed in the absence of the metal cofactor by surface plasmon resonance as described 
in the Section 2.2.5. The KA values of the proteins relative to that of BstRNH2 are shown. The 
KA values of TmaRNH2ΔC and BstNTD-TmaRNH2ΔC relative to that of TmaRNH2 are 
shown in the parenthesis. 
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Tm values of AaeRNH2, TmaRNH2, and BstRNH2 indicates that the stability of these 
proteins decreases in this order.  
AaeRNH2 is more stable than TmaRNH2 and BstRNH2 by 10.1 and 24.9°C in Tm, 
respectively. The upper limits of the growth temperatures of A. aeolicus, T. maritima, and 
B. stearothermophilus are 95°C [86], 90°C [87], and 70°C [88], respectively. Thus, the 
stability of these proteins decreases in proportion to the growth temperatures of their 
source organisms. It is noted that the ΔHm values of AaeRNH2, BstRNH2, and TmaRNH2, 
as well as their ΔSm values, decrease in same order. The reason why these values do not 
decrease in proportion to their Tm values remains to be clarified. 
Fig. 2.9. Thermal denaturation curves. Thermal denaturation curves of AaeRNH2 (open circle), 
TmaRNH2 (open triangle), TmaRNH2ΔC (closed triangle), BstRNH2 (open square), 
BstRNH2ΔN (closed circle), and BstNTD-TmaRNH2ΔC (star) are shown. These curves were 
obtained at pH 8.0 in the presence of 1.5 M GdnHCl, as described in the Section 2.2.6. The 
theoretical curves are drawn on the assumption that the proteins are denatured via a two-state 
mechanism 
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2.3.8. Biochemical properties of TmaRNH2ΔC with BstNTD attached at the N-
terminus (BstNTD-TmaRNH2ΔC) 
To examine whether the N-terminal extension of BstRNH2 (BstNTD) restores the 
activity and stability of TmaRNH2ΔC, BstNTD-TmaRNH2ΔC, in which BstNTD is 
attached to the N-terminus of TmaRNH2ΔC, was constructed. BstNTD-TmaRNH2ΔC was 
overproduced in E. coli and purified to give a single band on SDS-PAGE (Fig. 2.4). The 
production level and purification yield of BstNTD-TmaRNH2ΔC were comparable to 
those of TmaRNH2ΔC. The molecular mass of this protein estimated by the gel filtration 
chromatography (31 kDa) was comparable to that calculated from the amino acid sequence 
(28,3 kDa), suggesting that it exists as a monomer in solution. The far- and near-UV CD 
Protein Tm (°C) ΔTm1 (°C) ΔTm2 (°C) ΔHm (kJ.mol-1) 
ΔSm 
(kJ.mol-1.K-1) 
AaeRNH2 76.2 ± 0.03 - - 601.9 ± 8.6 1.7 ± 0.02 
TmaRNH2 66.1 ± 0.05 -10.1 - 282.9 ± 5.2	   0.8 ± 0.02 
TmaRNH2ΔC 46.6 ± 0.81 - -19.5 125.6 ± 23.9	   0.4 ± 0.07 
BstNTD-TmaRNH2ΔC 58.1 ± 0.66 - -8.0 220.1 ± 41.2	   0.7 ± 0.13 
BstRNH2 51.3 ± 0.06 -24.9 - 361.1 ± 11.3	   1.1 ± 0.03 
BstRNH2ΔN 40.1 ± 0.1 - -11.2 221.9 ± 8.7	   0.7 ± 0.03 
The parameters were determined from the thermal denaturation curves shown in Figure 2.9. 
The melting temperature (Tm) is temperature of the midpoint of the thermal denaturation 
transition. ΔTm1 is the difference in Tm between AaeRNH2 and TmaRNH2 or BstRNH2 and is 
calculated as Tm (TmaRNH2 or BstRNH2) – Tm (AaeRNH2). ΔTm2 is the difference in Tm 
between TmaRNH2ΔC or BstNTD-TmaRNH2ΔC and TmaRNH2 and between BstRNH2ΔN 
and BstRNH2, and is calculated as Tm (TmaRNH2ΔC or BstNTD-TmaRNH2ΔC) – Tm 
(TmaRNH2) or Tm (BstRNH2ΔN) – Tm (BstRNH2). ΔHm and ΔSm are the enthalpy and entropy 
changes of unfolding at Tm calculated by van’t Hoff analysis.  	  
Table 3. Parameters characterizing thermal denaturation of the proteins 	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spectra of BstNTD-TmaRNH2ΔC are similar to those of TmaRNH2ΔC (Fig. 2.5), 
suggesting that the attachment of BstNTD does not seriously affect the structure of 
TmaRNH2ΔC. 
When E. coli MIC2067(DE3) transformants for overproduction of BstNTD-
TmaRNH2ΔC were grown on the LB-agar plates in the absence of IPTG, they form 
colonies both at 30 and 42°C (data not shown). This result indicates that BstNTD-
TmaRNH2ΔC has an ability to complement the ts phenotype of E. coli MIC2067(DE3). 
Thus, BstNTD restores the RNase H activity of TmaRNH2ΔC. When the enzymatic 
activity of BstNTD-TmaRNH2ΔC was analyzed using the oligomeric substrates, BstNTD-
TmaRNH2ΔC cleaved the D15-R1-D13/D29 and R12/D12 substrates with the same 
sequence preferences as those of TmaRNH2, regardless of the metal cofactor (Fig. 2.7). 
The JRNaseMn, JRNaseMg, and RNase HMn activities of BstNTD-TmaRNH2ΔC were 
higher than those of TmaRNH2ΔC by 17, 70, and 150 fold, respectively, and lower than 
those of TmaRNH2 by 5, 6, and 3 fold, respectively (Table 1). The RNase HMg activity of 
BstNTD-TmaRNH2ΔC was higher than that of TmaRNH2ΔC by 8 fold and comparable to 
that of TmaRNH2 (Table 1). These results indicate that BstNTD at least partly restores the 
enzymatic activity of TmaRNH2ΔC. When the binding affinity of BstNTD-TmaRNH2ΔC 
to the D15-R1-D13/D29 substrate was analyzed in the absence of the metal cofactor using 
surface plasmon resonance, it was higher than those of TmaRNH2ΔC and TmaRNH2 by 
>300 and 3 fold in KA, respectively (Table 2). This result indicates that BstNTD functions 
as a potent substrate binding domain and restores the substrate binding affinity of 
TmaRNH2ΔC beyond the level of TmaRNH2. When thermal stability of BstNTD-
TmaRNH2ΔC was analyzed in the presence of 1.5 M GdnHCl by monitoring changes of 
the CD values at 222 nm, it reversibly unfolded in a single cooperative fashion. The 
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thermal denaturation curve of this protein is shown in Figure 2.9. BstNTD-TmaRNH2ΔC 
was more stable than TmaRNH2ΔC by 11.5°C and less stable than TmaRNH2 by 8°C in 
Tm (Table 3). This result indicates that BstNTD partly restores the stability of 
TmaRNH2ΔC. 
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2.4. Discussion 
2.4.1. Role of BstNTD 
The finding that the removal of the N-terminal extension of BstRNH2 (BstNTD) 
does not significantly affect the structure, but reduces the activity, substrate binding 
affinity, and stability of the protein indicates that BstNTD is important for substrate 
binding and protein stability. BstNTD is probably folded into a relatively independent 
structure and functions as a substrate binding domain. BstNTD is probably kept folded and 
functions in an isolated form as well, because the attachment of BstNTD to the N-terminus 
of TmaRNH2ΔC greatly increases the activity and substrate binding affinity of 
TmaRNH2ΔC. However, BstNTD contributes to the stabilization of BstRNH2, suggesting 
that BstNTD interacts with the RNase H domain. BstNTD also contributes to the 
stabilization of BstNTD-TmaRNH2ΔC, but less significantly than to the stabilization of 
BstRNH2, probably because the interactions at the interface between BstNTD and RNase 
H domain that contribute to the stabilization of BstRNH2 are only partially conserved in 
BstNTD-TmaRNH2ΔC.  
It has been reported that BstRNH2ΔN does not bind to RNA/DNA hybrid and 
therefore does not exhibit RNase H activity in the presence of Mn2+ ion [89]. However, in 
this study, we showed that BstRNH2ΔN exhibits RNase H activity either in the presence of 
Mn2+ or Mg2+ ion, although it is lower than that of BstRNH2 by 9-10 fold (Table 1). The 
reason for this discrepancy is not understood. However, BstRNH2ΔN probably retains 
weak substrate binding affinity for RNA/DNA hybrid as well, because BstRNH2ΔN 
retains both weak JRNase activity (Table 1) and weak binding affinity for the D15-R1-
D13/D29 substrate (Table 2).  
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A 3D model of BstRNH2ΔN is highly similar to the crystal structure of TmaRNH2 
(Fig. 2.6), suggesting that BstRNH2 contacts the substrate as does TmaRNH2 (Fig. 2.3). In 
Figure 2.3, a model of the complex between TmaRNH2 and the 29-bp D15-R1-D13/D29 
substrate is shown. This model is constructed based on the crystal structure of TmaRNH2 
in complex with the short substrate (12-bp D5-R1-D6/D12) [9]. In this model, the substrate 
is slightly bended at the position where it contacts the enzyme, due to the deformation of 
the nucleic acid backbone at the RNA-DNA junction [9]. BstNTD probably contacts the 
noncleaved DNA strand 4-6 bases away (downstream) from the scissile phosphate group. 
Further structural studies will be required to understand the mechanism by which BstNTD 
binds to the substrate. 
Database searches indicate that not only RNases H2 from the genus Bacillus, but 
also those from other genera, such as Enterococcus, Streptococcus, Staphylococcus, 
Ruminococcus, Blautia, Megasphaera, Listeria, and Clostridium, have an N-terminal 
extension (Fig. 2.1). These extensions show a similarity to BstNTD both in size (50-60 
residues) and amino acid sequence (at least 20%), suggesting that they assume a similar 
structure as that of BstNTD and function as a substrate binding domain. It has been 
reported that almost every eukaryotic RNases H1 and several bacterial RNases H1 have a 
hybrid binding domain (HBD) at their N-termini, which is important for substrate binding 
[2, 76]. Likewise, bacterial RNases H3 have a TBP-like domain at their N-termini, which 
is important for substrate binding [14, 53]. However, none of the N-terminal extensions of 
bacterial RNases H2 show a significant amino acid sequence similarity to HBD or TBP-
like domain, suggesting that their structures are different from those of HBD and TBP-like 
domain. 
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2.4.2. Role of the C-terminal extension of TmaRNH2 
According to the crystal structure of the TmaRNH2-substrate complex, TmaRNH2 
consists of the catalytic and C-terminal domains, and the substrate binds to a groove on the 
protein surface between these domains [9]. This interaction is preserved in the model 
shown in Figure 2.3. The C-terminal domain of TmaRNH2 consists of five helices (helices 
F-J) and mainly contacts the noncleaved strand through van der Waals interactions or 
interactions mediated by the backbone of the protein. Helices G and H provide a surface 
responsible for binding of the noncleaved strand. In contrast, a helix hairpin structure 
containing helices I and J, which corresponds to the C-terminal extension, does not contact 
the substrate. This result suggests that the C-terminal helix hairpin structure is not involved 
in substrate binding. The previous result that TmaRNH2 efficiently hydrolyzes the 12-bp 
D5-R1-D6/D12 substrate [9], which is too short to contact the helix hairpin structure, 
supports this hypothesis. Nevertheless, the removal of this helix hairpin structure greatly 
reduces the binding affinity to the D15-R1-D13/D29 substrate (Table 2) and both the 
JRNase and RNase H activities (Table 1). This result suggests that the C-terminal helix 
hairpin structure is required to make the conformation of the C-terminal domain functional. 
TmaRNH2ΔC may assume a non-native structure, in which the shape of the surface 
responsible for binding of the noncleaved strand is slightly changed.  
The substrate binding affinity and activity of TmaRNH2ΔC are partly restored by 
the attachment of BstNTD to the N-terminus of TmaRNH2ΔC. The sequence preference of 
the resultant fusion protein is nearly identical to that of TmaRNH2, indicating that the 
catalytic domain, instead of BstNTD, determines the sequence preference. These results 
suggest that the removal of the C-terminal helix hairpin structure causes only a subtle 
change in the conformation of the C-terminal domain and this conformational change 
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greatly decreases the interactions between the protein and substrate without significantly 
altering them. BstNTD probably stabilizes the protein-substrate complex, which is greatly 
destabilized by the removal of the C-terminal helix hairpin structure. The removal of the 
C-terminal helix hairpin structure decreases the conformational stability of the protein as 
well, suggesting that this structure contributes to the stabilization of the protein as well. 
Database searches indicate that not only RNases H2 from the genus Thermotoga, 
but also those from other genera, such as Arthrobacter, Comamonas, Burkholderia, 
Acidovorax, Fervidobacterium, and Bradyrhizobium have a C-terminal extension (Fig. 
2.1). However, unlike the N-terminal extensions of bacterial RNases H2, these extensions 
vary both in size and amino acid sequence, suggesting that they assume variable structures. 
Because the catalytic domains of these RNases H2 share a structure with that of 
TmaRNH2, the C-terminal extensions of these RNases H2 are probably required to make 
the conformation of the C-terminal domain functional. 
 
2.4.3. Activity and stability of AaeRNH2 
AaeRNH2 exhibits comparable JRNase activity to those of TmaRNH2 and 
BstRNH2, despite the lack of an N- or C-terminal extension (Table 1). In addition, 
AaeRNH2 is more stable than TmaRNH2 and BstRNH2. These results indicate that 
bacterial RNase H2 does not always require an N- or C-terminal extension to increase 
activity, substrate binding affinity, and/or stability. Various RNases H2 from mesophilic 
and psychrophilic bacteria, such as E. coli, Haemophilus haemolyticus, and Shewanella 
baltica, contain neither an N-terminal nor a C-terminal extension as well (Fig. 2.1), 
suggesting that efficient functioning without these extensions is not unique to highly 
thermostable RNases H2.   
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AaeRNH2 is more stable than TmaRNH2 and BstRNH2 by 10.1 and 24.9°C, 
respectively in Tm. It has been reported that hyperthermophilic proteins are stabilized by 
the combination of various factors, such as increased number of ion pairs (ion pair 
networks) [90, 91], increased number of metal binding sites [92], reduced cavity volume 
[47], anchoring of C-terminal tail [45], increased interior hydrophobicity [93], increased 
packing density including aromatic interactions [90], increased molecular compactness 
[94], oligomerization [95], increased number of proline residues at loop regions [96], and 
increased number of disulfide bonds [97]. To understand the stabilization mechanism of 
AaeRNH2, a 3D model of this protein was constructed based on the crystal structure of 
TmaRNH2. The backbone structure of this model is nearly identical to those of a 3D 
model of BstRNH2ΔN and crystal structure of TmaRNH2 (Fig. 2.6), suggesting that there 
is little difference in molecular compactness among them. Comparison of these structures 
indicates that the cavity volume, interior hydrophobicity, and the number of proline 
residues at the loop regions do not correlate with the protein stability. For example, the 
cavity volume, which is calculated using the program CASTp [98], is 343 Å3 for 
AaeRNH2, 80 Å3 for TmaRNH2, and 289 Å3 for BstRNH2ΔN. The contents of the buried 
nonpolar and polar residues are 35.7 and 12.2% for AaeRNH2, 38.7 and 10.5% for 
TmaRNH2, and 38.0 and 11.0% for BstRNH2ΔN, respectively. The number of proline 
residues at loop regions is five for AaeRNH2, two for TmaRNH2, and ten for 
BstRNH2ΔN. None of these proteins contains any disulfide bond and metal ion other than 
those required for activity. However, the number of ion pairs increases as the protein 
stability increases. The numbers of ion pairs and ion pair networks, which are calculated 
on the basis of the assumption that ion pairs are formed between two oppositely charged 
groups located within a distance of 5 Å and ion pair networks are formed by at least four 
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charged residues, are 11 and 1 for AaeRNH2, 8 and 1 for TmaRNH2 without the C-
terminal extension region, and 6 and 0 for BstRNH2ΔN, respectively. In addition, 
AaeRNH2 contain four aromatic interactions, whereas TmaRNH2 and BstRNH2ΔN do not 
contain it. These results suggest that stabilization by ion pairs and aromatic interactions at 
least partly account for the difference in stability between AaeRNH2 and TmaRNH2 or 
BstRNH2.   
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2.5. Summary 
RNases H greatly differ in domain structures. RNases H1 and H3 contain HBD- 
and TBP-like-domain, respectively, which are important for activity and substrate binding. 
Comparison of the amino acid sequences of bacteria RNases H2 indicates that some 
RNases H2 contain an N- or C-terminal extension, whereas some RNases H2 do not 
contain these extensions. BstRNH2 represents RNases H2 with N-terminal extension. 
TmaRNH2 represents RNases H2 with C-terminal extension. AaeRNH2 represents RNases 
H2 without N- and C-terminal extensions. To analyze the role of these extensions, I 
overproduced, purified, and characterized these proteins and their derivatives without N- or 
C-terminal extension, and compared their biochemical properties with those of AaeRNH2. 
The removal of a 59-residue N-extension of BstRNH2 (BstNTD) decreased its 
activity and substrate binding affinity, indicating that BstNTD is required for maximal 
activity and substrate binding affinity of BstRNH2. This role is similar to those of HBD 
and TBP-like domain. However, BstNTD does not show an amino acid sequence similarity 
to HBD or TBP-like domain, suggesting that it assumes a unique structure. The removal of 
a 46-residue C-extension of TmaRNH2 also decreased the activity, substrate binding 
affinity, and stability of TmaRNH2. According to the crystal structure of TmaRNH2, 
however, C-extension of TmaRNH2 assumes a hairpin helix structure, which is not 
directly involved in substrate binding. Nevertheless, this domain is important for substrate 
binding and activity. Thus, C-terminal hairpin helix structure of TmaRNH2 is probably 
required to make the conformation of the C-terminal domain of TmaRNH2 functional. The 
C-terminal domain of TmaRNH2 is directly involved in substrate binding.  
The attachment of BstNTD to the N-terminus of the TmaRNH2 derivative lacking 
the C-terminal extension (TmaRNH2ΔC), which lost the activity and substrate binding 
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affinity as compared to TmaRNH2, increased its activity and substrate binding affinity. It 
suggests that BstNTD can function as a substrate-binding domain. BstNTD directs the 
enzyme such that the RNase H domain can simultaneously contact the substrate. 
The finding that AaeRNH2 is as active as and is more stable than BstRNH2 and 
TmaRNH2 suggests that bacterial RNases H2 do not always require N- or C-terminal 
extension to increase the activity, substrate-binding affinity, and/or stability.  
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CHAPTER 3 
Enzymatic activities of RNase H domains of HIV-1 reverse transcriptase 
with substrate binding domains of bacterial RNase H1 and H2 
 
3.1. Introduction 
In Chapter 2, I showed that bacteria RNases H2 have a substrate-binding domain, 
termed as NTD (N-terminal domain). The NTD of BstRNH2 (BstNTD) was shown to be 
important for substrate binding, activity, and stability, and its role is similar to those of 
HBD of RNase H1 and TBP-like domain of RNase H3. The finding that BstNTD could 
restore the activity and stability of TmaRNH2ΔC suggests that BstNTD acts as a potent 
substrate-binding domain in an isolated form. However, it remains to be determined 
whether NTD, HBD or TBP-like domain can restore the activity of another enzyme 
lacking the RNase H activity.  
 As described in Chapter 1, RNase H is present in retroviruses, including human 
immunodeficiency virus type 1 (HIV-1), as a C-terminal domain of reverse transcriptase 
(RT) (Fig. 1.7 and Fig. 1.9) [33]. Because RNase H activity of HIV-1 RT is required for 
viral proliferation [32, 33], this activity is regarded as a target for AIDS therapy [35, 36]. 
HIV-1 RT is a heterodimer consisting of P66 subunit and a P51 subunit [36], as shown in 
Figure 3.1. It prefers Mn2+ to Mg2+ ions for RNase H activity [68]. Only P66 subunit 
retains the RNase H domain at the C-terminus (Fig. 3.1).  
The isolated RNase H domain of HIV-1 RT (P15, termed as RNHHIV in this thesis) 
is inactive [39, 68-71] or exhibits very weak activity only in the presence of Mn2+ ions 
[72]. Nevertheless, the structure of RNHHIV [39] highly resembles that of the RNase H 
domain of HIV-1 RT [99], except that a loop containing the conserved histidine residue 
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(His539) is disordered in the RNHHIV structure. It has been suggested that RNHHIV is 
inactive due to the lack of a substrate binding ability, disorder of a loop containing His539, 
and increased flexibility [39, 68-71, 100-102].  
Insertion of a basic protrusion of EcoRNH1, which is important for substrate 
binding [73, 74], into the equivalent position of RNHHIV only restores its Mn2+-dependent 
RNase H activity [68, 71]. Restoration of the Mg2+-dependent activity of RNHHIV requires 
the presence of the P51 subunit and the thumb and connection domains of the P66 subunit 
[70, 102]. These results suggest that enhancement of the substrate binding affinity of 
RNHHIV is not sufficient to restore its Mg2+-dependent RNase H activity. However, a 
possibility that insertion of a basic protrusion of EcoRNH1 alters the conformation of the 
active site of RNHHIV, in such a way that it is not suitable for Mg2+-dependent activity, 
cannot be ruled out. Therefore, it would be informative to examine whether the attachment 
of NTD, HBD or TBP-like domain to the N-terminus of RNHHIV restores its Mg2+-
dependent activity.  
In this Chapter, I constructed two chimeric proteins, TmaHBD-RNHHIV and 
BstNTD-RNHHIV, in which HBD of TmaRNH1 (TmaHBD) and NTD of BstRNH2 
Fig. 3.1. Schematic representation of the subunits in heterodimeric form of HIV-1 RT. Relative 
positions of the DNA polymerase domain and RNase H domain are shown. The RNase H domain 
at the C-terminal portion of P66 is shown in purple. This region, which starts from Tyr427, forms 
a stable domain. The crystal structure of this region is available (PDB code 1HRH) [39].  
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(BstNTD) are attached to the N-terminus of RNHHIV respectively, and characterized their 
biochemical properties. I did not construct a chimeric protein, in which TBP-like domain 
of RNase H3 is attached to the N-terminus of RNHHIV, because TBP-like domain binds to 
RNA/DNA hybrid in a similar manner to that of HBD, as described in Chapter 1 (Fig. 
1.13-C). I showed that the attachment of TmaHBD or BstNTD increases the substrate 
binding affinity, Mn2+-dependent activity, and stability of RNHHIV, but does not 
significantly restores its Mg2+-dependent activity. 
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3.2. Materials and methods 
3.2.1. Construction of plasmids 
 All primers used in this study for PCR are listed in Table 4. For construction of 
plasmid pET-RNHHIV to overproduce RNHHIV, the gene encoding RNHHIV was amplified 
by PCR using 5’-primer 1 and 3’-primer 1. Plasmid pET-HIVMp66 to overproduce the 
P66 subunit of HIV-1 RT [103] was used as a template. The amplified DNA fragment was 
digested with NdeI and EcoRI and ligated into the NdeI and EcoRI sites of pET25b 
(Novagen, Madison, WI, USA).  
 
Plasmid pET-TmaHBD-RNHHIV to overproduce TmaHBD-RNHHIV was 
constructed by performing PCR twice. In the first PCR, the 210 base pair (bp) DNA 
fragment containing the gene encoding TmaHBD was amplified with 5’-primer 2 and 3’-
fusion primer 1 by using the pET25b derivative to overproduce TmaRNH1 [76] as a 
template. Likewise, the 420 bp DNA fragment containing the gene encoding RNHHIV was 
amplified with 5’-fusion primer 1 and 3’-primer 1 by using pET-HIVMp66 as a template. 
 
7DEOH3&5SULPHUV)RU¶DQG¶SULPHUVXQGHUOLQHGEDVHVVKRZWKHSRVLWLRQVRIWKHUHVWULFWLRQVLWHV)RU¶DQG¶
IXVLRQSULPHUVWKHUHVLGXHVVKRZQLQitalicUHSUHVHQWWKRVHRIWKH51++,9 JHQH
3ULPHU 6HTXHQFH 5HVWULFWLRQVLWH
¶SULPHU 
**$$77&&$7$7*7$7&$$&7&*$$$$$*$$&&*
 Nde,
¶SULPHU 
**$$77&&$7$7*$$*77**&$$$$$$$7$&7$&*&7*
 Nde,
¶SULPHU 
**$$77&&$7$7*$$**$*7$&$&**7$$$$*$$$7&¶ Nde,
¶SULPHU ¶**&&*$$77&77$7$$$$&777$&*$$7$&&7*&¶ Eco5,
¶IXVLRQSULPHU 
&7*7&&$*$$&7**$&$&$TATCAACTCGAAAAAGAACCGATTGTAGGGGC
 
¶IXVLRQSULPHU 
&**&*77***$**$*77*TATCAACTCGAAAAAGAACCGATTGTAGGGGC
 
¶IXVLRQSULPHU 
CGGTTCTTTTTCGAGTTGATA7*7*7&&$*77&7**$&$*$7*&$&7&
 
¶IXVLRQSULPHU 
CGGTTCTTTTTCGAGTTGATA&$$&7&&7&&&$$&*&&*&&*






Table 4. PCR primers. For 5’- and 3’-primers, underlined bases show the positions of the 
restriction sites. For 5’- and 3’-fusion primers, the residues shown in italic represent those of the 
RNHHIV. 
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These two 210 bp and 420 bp DNA fragments were mixed and amplified with 5’-primer 2 
and 3’-primer 1. The amplified DNA fragment was digested with NdeI and EcoRI and 
ligated into the NdeI and EcoRI sites of pET25b. 
Plasmid pET-BstNTD-RNHHIV to overproduce BstNTD-RNHHIV was also 
constructed by performing PCR twice. In the first PCR, the 200 bp DNA fragment 
containing the gene encoding BstNTD was amplified with 5’-primer 3 and 3’-fusion 
primer 2 by using the pET800BS to overproduce BstRNH2 (Chapter 2) as a template. 
Likewise, the 420 bp DNA fragment containing the gene encoding RNHHIV was amplified 
with 5’-fusion primer 2 and 3’-primer 1 by using pET-HIVMp66 as a template. These two 
200 bp and 420 bp DNA fragments were mixed and amplified with 5’-primer 3 and 3’-
primer 1. The amplified DNA fragment was digested with NdeI and EcoRI and ligated into 
the NdeI and EcoRI sites of pET25b.  
All PCR primers were synthesized by Hokkaido System Science (Sapporo, Japan). 
PCR was performed by a GeneAmp PCR system 2400 (Applied Biosystems) using KOD 
polymerase (Toyobo, Japan). All DNA sequences were verified with the ABI Prism 310 
DNA sequencer (Applied Biosystems). 
 
3.2.2. Preparation of proteins 
For overproduction of the proteins, E. coli MIC2067(DE3) transformants with the 
pET25 derivatives were grown and cultivated. When the A600 value of the culture reached 
approximately 0.5, 1 mM IPTG was added to the culture medium and cultivation was 
continued for an additional 4 h. The subsequent purification procedures were carried out at 
4°C.  
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Purification of RNHHIV was carried out as described for AaeRNH2 in Chapter 2, 
except that sonication was used for lysis, instead of French press, and the gel filtration 
chromatography using a HiLoad 16/60 Superdex 200pg column (GE Healthcare) 
equilibrated with 20 mM sodium acetate (pH 5.5) containing 150 mM NaCl was newly 
performed at the end of the purification procedures. The fractions containing the protein 
were collected and used for biochemical characterization. 
TmaHBD-RNHHIV was purified as mentioned above for RNHHIV, except that the 
first HiTrap Q HP column chromatography procedure was eliminated. BstNTD-RNHHIV 
was also purified as mentioned above for RNHHIV, except that 20 mM Tris-HCl (pH 7.0), 
instead of 20 mM sodium acetate (pH 5.5), was used for the last gel filtration column 
chromatography and the same buffer, instead of buffer A, was used for other three column 
chromatography procedures.  
The purity of the protein was analyzed by SDS/PAGE with a 15% polyacrylamide 
gel [83]. The protein concentration was determined from UV absorption using a cell with 
an optical path length of 1.0 cm and an A280 value of 0.1% solution (1.0 mg.mL-1) of 0.99 
for RNHHIV, 1.25 for TmaHBD-RNHHIV, and 1.21 for BstNTD-RNHHIV. These values 
were calculated by using absorption coefficients of 1576 M−1.cm−1 for Tyr and 
5225 M−1.cm−1 for Trp at 280 nm [84]. HIV-1 RT (0.5 mg.mL-1) was obtained from 
BioAcademia Inc. (Osaka, Japan). 
 
3.2.3. Determination of enzymatic activity 
The RNase H activity was determined by using oligomeric substrates. 5’-
Fluorescein-labeled 29 bp RNA/DNA hybrid (R29/D29), 12 bp RNA/RNA duplex 
(R12/R12), and 12 bp DNA/DNA duplex (D12/D12) were prepared by hybridizing 5'-
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fluorescein-labeled 29 b RNA (5'-aauagagaaaaagaaaaaagauggcaaag-3'), 12 b RNA (5'-
cggagaugacgg-3'), and 12 b DNA (5'-CGGAGAUGACGG-3') with a 1.5 molar equivalent 
of the complementary DNA, as described previously [7]. In these sequences, DNA and 
RNA are represented by capital and lowercase letters respectively. All oligonucleotides 
were synthesized by Hokkaido System Science. The concentration of the substrate in the 
reaction mixture (10 µL) was 1 µM. Hydrolysis of the substrate at 30°C for 15 min and 
separation of the products on a 20% polyacrylamide gel containing 7 M urea were carried 
out as described previously [7]. The reaction buffers were 20 mM Tris-HCl (pH 8.0) 
containing 10 mM MnCl2 or 50 mM MgCl2, 25 mM KCl, 1 mM 2-mercaptoethanol (2-
ME), and 10 µg.mL-1 bovine serume albumin (BSA) for RNHHIV, 50 mM Tris-HCl (pH 
8.3) containing 10 mM MnCl2 or MgCl2, 50 mM KCl, 3 mM 2-ME, and 10 µg.mL-1 BSA 
for HIV-1 RT, 20 mM Tris-HCl (pH 8.5) containing 10 mM MnCl2 or 50 mM MgCl2, 50 
mM KCl, 1 mM 2-ME, and 10 µg.mL-1 BSA for TmaHBD-RNHHIV, and the same buffer 
for TmaHBD-RNHHIV without 50 mM KCl for BstNTD-RNHHIV. The products were 
detected with Typhoon 9210 Imager (GE Healthcare), and quantified with 
IMAGEQUANT 5.2. One unit was defined as the amount of enzyme hydrolyzing 1 nmol 
of the substrate per min at 30°C. The specific activity was defined as the enzymatic 
activity per µmol of protein. 
 
3.2.4. Measurement of CD spectra 
The CD spectra was measured at 25°C as described in Chapter 2. The proteins were 
dissolved in 20 mM Tris-HCl (pH 8.0) at a concentration of ~0.1 mg.mL-1 for far-UV CD 
spectra and ~1.0 mg.mL-1 for near-UV CD spectra. 
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3.2.5. Binding analysis to substrate 
 The binding analysis was carried out as described in Chapter 2, except that the 
R29/D29 was used as a substrate. The proteins were dissolved in 20 mM Tris-HCl (pH 8.0) 
containing 50 mM NaCl, 1 mM 2-ME, 1 mM EDTA and 0.005% Tween 20 at various 
concentrations, and injected onto the sensor chip at 25°C with a flow rate of 20 µL.min-1. 
The binding surface was regenerated by washing with 2 M NaCl. The association constant 
KA was calculated from the equilibrium levels of the protein binding to the surface, as 
previously described [74]. 
 
3.2.6 GdnHCl-induced unfolding 
The Guanidine hydrochloride (GdnHCl) denaturation curves of the proteins were 
obtained at 25°C by monitoring the change in CD values at 222 nm as the GdnHCl 
concentration was increased. The proteins were dissolved in 20 mM Tris-HCl (pH 8.0) 
containing various concentrations of GdnHCl and incubated for 1 h at 25°C prior to the 
measurement. The protein concentration was ~0.1 mg.mL-1 and the optical path length was 
0.2 cm. GdnHCl-induced folding of all proteins examined was fully reversible. On the 
assumption that the unfolding equilibria of RNHHIV and BstNTD-RNHHIV follow a two-
state mechanism, the pre- and post-transition base lines were extrapolated linearly, and the 
difference in free energy between the folded and unfolded states, ΔG, and the free energy 
change of unfolding in H2O, ΔG(H2O), were calculated by the equations given by Pace 
[104]. 
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3.3. Results & Discussion 
3.3.1. Preparation of RNHHIV derivatives 
 T. maritima RNase H1 (TmaRNH1, residues 1-223) consists of a hybrid binding 
domain (TmaHBD, residues 1-63) and an RNase H domain (residues 64-223). B. 
stearothermophilus RNase H2 (BstRNH2, residues 1-259) consists of an N-terminal 
substrate binding domain (BstNTD, residues 1-59) and an RNase H domain (residues 60-
259). The isolated RNase H domain of HIV-1 RT (RNHHIV, residues 427-560) is correctly 
folded but is inactive [39]. To examine whether the RNase H activity of RNHHIV is 
restored by the attachment of TmaHBD or BstNTD, two chimeric proteins, TmaHBD-
RNHHIV and BstNTD-RNHHIV, in which TmaHBD and BstNTD are attached to the N-
terminus of RNHHIV respectively, were constructed. The primary structures of these 
chimeric proteins are shown in Figure 3.2 in comparison with those of TmaRNH1 and 
BstRNH2. These chimeric proteins, as well as RNHHIV, were overproduced in E. coli 
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MIC2067(DE3) in a soluble form and purified to give a single band on SDS-PAGE (Fig. 
3.3). I used E. coli MIC2067(DE3) as a host strain for overproduction of RNHHIV and its 
derivatives to avoid contamination by host-derived RNases H, because this strain lacks all 
functional genes encoding RNases H1 and H2 [63]. The amount of the protein purified 
from 1 L culture was typically 6 mg for TmaHBD-RNHHIV and RNHHIV, and 4 mg for 
BstNTD-RNHHIV. All of them were eluted from the column as single peaks in gel filtration 
column chromatography. The molecular masses of these proteins were estimated to be 23 
kDa for TmaHBD-RNHHIV, 25 kDa for BstNTD-RNHHIV, and 12 kDa for RNHHIV from 
this column chromatography. These values are comparable to those calculated from the 
amino acid sequences (22,078 Da for TmaHBD-RNHHIV, 22,057 Da for BstNTD-RNHHIV, 
and 14,773 Da for RNHHIV), suggesting that these proteins exist as a monomer in solution. 
It has been reported that His-tagged RNHHIV exists as a monomer [107], whereas RNHHIV 
Fig. 3.2. Schematic representation of the primary structures of TmaRNH1, BstRNH2 and two 
chimeric proteins. The TmaRNH1 and BstRNH2 sequences are indicated by thin line, and the 
RNHHIV sequence is indicated by thick line. The α-helices and β-strands are represented by 
cylinders and arrows respectively. These secondary structures of TmaHBD, RNase H domain of 
TmaRNH1, and RNase H domain of BstRNH2 are arranged based on their tertiary models, 
which are built with the SWISS-MODEL program [85], with the crystal structures of HBD of 
human RNase H1 (PDB code 3BSU) [78], RNase H domain of human RNase H1 (PDB code 
2QK9) [42], and TmaRNH2 (PDB code 3O3F) [9] respectively, as template structures. The 
secondary structures of RNHHIV are arranged based on the crystal structure of the isolated 
RNase H domain of HIV-1 RT (PDB code 1HRH) [39]. Five β-strands and two α-helices that 
form an “RNase H-fold” and are shared by RNases H1 and H2 are shaded. The positions of the 
four acidic active site residues are also shown. For the positions of these residues in the 
TmaHBD-RNHHIV and BstNTD-RNHHIV sequences, numbering in HIV-1 RT are used. The 
numbers indicate the positions of the residues relative to the initiator methionine residue for 
each protein. The ranges of the substrate binding domain and RNase H domain are also shown 
for each protein.   
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with a basic protrusion of EcoRNH1 exists partly as a monomer and partly as a dimer 
[109] in solution. These results suggest that RNHHIV acquires an ability to form a dimer by 
the insertion of a basic protrusion of EcoRNH1. 
 
3.3.2. Complementation of the temperature-sensitive growth phenotype of E. coli 
MIC2067(DE3) 
E. coli MIC2067(DE3) shows an RNase H-dependent temperature-sensitive (ts) 
growth phenotype [53]. A relatively low level of Mg2+-dependent RNase H activity is 
sufficient to complement the ts growth phenotype of this strain [14, 53, 76]. However, the 
genes encoding TmaHBD-RNHHIV and BstNTD-RNHHIV did not complement the ts 
growth phenotype of this strain (data not shown), suggesting that these proteins do not 
exhibit Mg2+-dependent RNase H activity or exhibit a very low level of this activity. 
 
 
 
Fig. 3.3. SDS-PAGE of the purified 
proteins. RNHHIV (lane 1), BstNTD-
RNHHIV (lane 2), and TmaHBD-
RNHHIV (lane 3) were subjected to 
electrophoresis on a 15% 
polyacrylamide gel in the presence 
of SDS. After electrophoresis, the 
gel was stained with Coomassie 
Brilliant Blue. Lane M, a low-
molecular-weight marker kit (GE 
Healthcare). 
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3.3.3. CD Spectra 
The far-UV CD spectra of proteins mainly reflect their helical contents. These 
spectra usually give a broad trough with a minimum [θ] value at around 220 nm. As the 
depth of this trough increases, the helical content of protein increases. The far-UV CD 
spectrum of TmaHBD-RNHHIV was similar to that of RNHHIV, which was similar to that 
previously reported [68] both in shape and depth of a trough, at 25°C (Fig. 3.4-A). In 
contrast, the spectrum of BstNTD-RNHHIV was different from that of RNHHIV (Fig. 3.4-A). 
The spectra of TmaHBD-RNHHIV and RNHHIV give a broad trough with a minimum [θ] 
value of -9,000 at 215-220 nm, whereas the spectrum of BstNTD-RNHHIV gives a 
minimum [θ] value of -14,000 at 208 nm, which is accompanied by a shoulder with a [θ] 
value of -12,000 at 220 nm. These results suggest that the helical contents of TmaHBD-
RNHHIV and BstNTD-RNHHIV are similar to and higher than that of RNHHIV respectively. 
In fact, the helical content of TmaHBD-RNHHIV (35%) is similar to that of RNHHIV (38%) 
calculated from the crystal structure of RNHHIV [39]. The helical content of TmaHBD-
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Fig. 3.4. CD spectra. The far-UV (A) and near-UV (B) CD spectra of RNHHIV (thin dashed 
line), BstNTD-RNHHIV (thin solid line), and TmaHBD-RNHHIV (thick solid line) are shown. 
These spectra were measured at 25°C as described in Section 3.2.4. 
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RNHHIV is calculated on the assumption that the TmaHBD and RNHHIV regions of this 
protein are independently folded and the structure of TmaHBD is similar to that of HBD of 
human RNase H1 determined by X-ray crystallography [78]. The helical content of 
BstNTD-RNHHIV is higher than that of RNHHIV, probably because the helical content of 
BstNTD is higher than that of RNHHIV. Thus, the structure of RNHHIV may not be 
significantly changed by the attachment of TmaHBD or BstNTD.  
The near-UV CD spectra of proteins reflect their local conformation around the 
aromatic residues, such as Trp and Tyr. The spectra of TmaHBD-RNHHIV and BstNTD-
RNHHIV were different from that of RNHHIV (Fig. 3.4-B). However, this result does not 
necessarily indicate that the local conformation of TmaHBD-RNHHIV and BstNTD-
RNHHIV around the aromatic residues is different from that of RNHHIV, because TmaHBD 
and BstNTD also contain the aromatic residues. TmaHBD contains one tryptophan and 
five tyrosine residues. BstNTD contains two tryptophan and one tyrosine residues. Increase 
in the number of these aromatic residues may be responsible for the change in the near-UV 
CD spectra of TmaHBD-RNHHIV and BstNTD-RNHHIV as compared to that of RNHHIV.  
 
3.3.4. Binding affinities for substrate 
To examine whether the attachment of TmaHBD or BstNTD increases the substrate 
binding affinity of RNHHIV, binding of HIV-1 RT, RNHHIV, TmaHBD-RNHHIV, and 
BstNTD-RNHHIV to the R29/D29 substrate was analyzed in the absence of the metal 
cofactor, with the surface plasmon resonance (Biacore system). These proteins were 
injected onto the sensor chip, on which the R29/D29 substrate was immobilized. When 1 
µM of BSA was injected onto the sensor chip, no increase of RU was detected, whereas 
when 1 µM of RNHHIV, TmaHBD-RNHHIV, or BstNTD-RNHHIV was injected onto the 
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sensor chip, an increase of RU was detected (Fig. 3.5). However, the RU value of 
TmaHBD-RNHHIV or BstNTD-RNHHIV in binding equilibrium was several-fold higher 
than that of RNHHIV. When 1 µM of HIV-1 RT was injected onto the sensor chip, a great 
increase of RU was detected (data not shown). This result is not shown in Figure 3.5, 
because the RU value of HIV-1 RT in equilibrium binding was higher than that of 
TmaHBD-RNHHIV by approximately 200 fold. The association constants, KA, of these 
proteins for binding to the substrate, which were determined by measuring the equilibrium-
binding responses at various concentrations of the proteins, are summarized in Table 5. 
The KA values of TmaHBD-RNHHIV and BstNTD-RNHHIV are lower than that of HIV-1 
Fig. 3.5. Binding of the proteins to R29/D29 substrate. The sensorgrams showing binding of 
1µM of RNHHIV (thin dashed line), BstNTD-RNHHIV (thin solid line), TmaHBD-RNHHIV (thick 
solid line), and BSA (thick dashed line) to the immobilized R29/D29 substrate are shown. 
Injections were performed at time zero for 30 s. 
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RT by approximately 4 and 50 fold respectively, but higher than that of RNHHIV by 260 
and 22 fold respectively. These results indicate that the attachment of TmaHBD or 
BstNTD increases the substrate binding affinity of RNHHIV. 
The dissociation constants of TmaRNH1 and TmaHBD have been determined to be 
0.16 and 0.40 µM respectively, using the same R29/D29 substrate [76]. This means that the 
KA values of TmaRNH1 and TmaHBD for this substrate are 6.3 x 106 and 2.5 x 106 
respectively. The KA value of TmaHBD-RNHHIV is lower than that of TmaHBD by 23 
fold, indicating that the binding affinity of TmaHBD for the R29/D29 substrate is greatly 
reduced when it is attached to the N-terminus of RNHHIV. Because the TmaHBD domain 
of TmaHBD-RNHHIV governs binding of this protein to the substrate, the RNHHIV domain 
of this protein may be located in a position, where it suppresses effective binding of the 
TmaHBD domain to the substrate. In contrast, the KA value of TmaRNH1 is higher than 
that of TmaHBD by 2.5 fold. It is also higher than that of the isolated RNase H domain of 
7DEOH$VVRFLDWLRQFRQVWDQWVRIWKHSURWHLQVIRUVXEVWUDWHELQGLQJD
3URWHLQ K$[ 5HODWLYHK$E
 0 
+,957  
51++,9  
%VW17'51++,9  
7PD+%'51++,9  
D%LQGLQJRIWKHSURWHLQVWRWKH5'VXEVWUDWHLPPRELOL]HGRQWRWKHVHQVRUFKLSZDV
DQDO\]HGLQWKHDEVHQFHRIWKHPHWDOFRIDFWRUE\VXUIDFHSODVPRQUHVRQDQFHDVGHVFULEHGLQ
0DWHULDOVDQG0HWKRGV
E7KHK$YDOXHVRIWKHSURWHLQVUHODWLYHWRWKDWRI+,957DUHVKRZQ


Table 5. Association constants of the proteins for substrate binding. aBinding of the proteins to 
R29/D29 substrate immobilized onto the sensor chip was analyzed in the absence of the metal 
cofactor by surface plasmon resonance as described in Section 3.2.5. bThe KA values of the 
proteins relative to that of HIV-1 RT are shown. 
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TmaRNH1 by 50 fold [76]. The TmaHBD and RNase H domains of TmaRNH1 
cooperatively increase the substrate binding affinity of TmaRNH1, probably because these 
domains are arranged optimally for effective binding of the substrate.  
 
3.3.5. Stability 
To examine whether the attachment of TmaHBD or BstNTD increases the stability 
of RNHHIV, stability of RNHHIV, TmaHBD-RNHHIV, and BstNTD-RNHHIV against 
GdnHCl-induced unfolding was analyzed at 25°C by monitoring the change in CD values 
at 222 nm as the GdnHCl concentration was increased. The GdnHCl-induced unfolding 
curves of these proteins are shown in Figure 3.6. To obtain these curves, the proteins were 
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Fig. 3.6. GdnHCl-induced unfolding of the proteins. The GdnHCl-induced unfolding curves of 
RNHHIV (open squares), BstNTD-RNHHIV (closed circles), and TmaHBD-RNHHIV (open circles) 
measured at 25 °C are shown. The apparent fraction of unfolded protein is shown as a function 
of GdnHCl concentration. The theoretical lines of RNHHIV and BstNTD-RNHHIV are drawn on 
the assumption that these proteins are unfolded via a two-state mechanism. The line of 
TmaHBD-RNHHIV represents the optimal fit to the data.  
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incubated in the presence of various concentrations of GdnHCl for 1 h prior to the 
measurement. The curves shown in Figure 3.6 were not significantly changed when this 
incubation time was increased to 18 h, indicating that the unfolding reactions of these 
proteins reach equilibrium within 1 h. GdnHCl-induced unfolding of RNHHIV and 
BstNTD-RNHHIV showed a two-state transition. The parameters characterizing GdnHCl-
induced unfolding of these proteins are summarized in Table 6. The apparent free energy 
change of unfolding in the absence of denaturant, ΔG(H2O), and midpoint of the unfolding 
curve, Cm, of BstNTD-RNHHIV were higher than those of RNHHIV by 2.79 kJ.mol-1 and 
0.73 M respectively. GdnHCl-induced unfolding of TmaHBD-RNHHIV did not show a 
two-state transition. Apparently, TmaHBD-RNHHIV unfolds through an intermediate state. 
In this state, only the RNHHIV region may be fully unfolded, because it has been reported 
that TmaHBD is fully stable at 25°C in the presence of 3 M GdnHCl [76]. Further studies 
will be required to understand the unfolding reaction of this protein. However, the result 
that TmaHBD-RNHHIV is almost fully folded in the presence of 1.0 M GdnHCl, in which 
RNHHIV is unfolded by 50%, indicates that TmaHBD-RNHHIV is more stable than RNHHIV. 
Thus, the attachment of TmaHBD or BstNTD increases the stability of RNHHIV.  
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3.3.6. Enzymatic activities 
To examine whether the attachment of TmaHBD or BstNTD increases the 
enzymatic activity of RNHHIV, the activities of TmaHBD-RNHHIV and BstNTD-RNHHIV 
were determined at 30°C using the R29/D29 substrate. The activities of RNHHIV and HIV-
1 RT were also determined for comparative purpose.  The R29/D29 substrate is a substrate 
for non-specific RNase H assay, instead of that for tRNALys3 removal specificity assay 
(tRNALys3 substrate). This substrate is identical to that used to analyze the substrate-
binding affinities of the proteins as mentioned above. This substrate has also been used to 
analyze the substrate-binding affinity of TmaRNH1 [76] and the activity of Thermococcus 
kodakarensis RNase H2 (TkoRNH2) [64]. The activities of all proteins were determined at 
their optimum conditions, which were pH 8.5, 10 mM MnCl2, and 50 mM KCl for 
TmaHBD-RNHHIV, pH 8.5 and 10 mM MnCl2 or 50 mM MgCl2 for BstNTD-RNHHIV, pH 
Table 6. Parameters characterizing GdnHCl-induced unfolding of RNHHIV and BstNTD-
RNHHIV 
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aGdnHCl-induced unfolding of these proteins was reversible in this condition. The midpoint of 
the GdnHCl-induced unfolding curve (Cm), the measurement of the dependence of ΔG on the 
GdnHCl concentration (m), and the free energy change of unfolding in H2O (ΔG(H2O)) were 
calculated from the GdnHCl-induced unfolding curves shown in Figure 3.7. The difference in 
ΔG(H2O) (ΔΔG(H2O)) between RNHHIV and BstNTD-RNHHIV was calculated as ΔG(H2O) of 
BstNTD-RNHHIV - ΔG(H2O) of RNHHIV. Errors are within ±0.07 M for Cm, ±0.58 kJ.mol-1.M-1 
for m, and ±0.8 kJ.mol-1 for ΔG(H2O).  
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8.0, 10 mM MnCl2, and 25 mM KCl for RNHHIV, and pH 8.3, 10 mM MgCl2 or 10 mM 
MnCl2, and 50 mM KCl for HIV-1 RT. The optimum pHs, metal ion concentrations, and 
salt concentrations for the activities of TmaHBD-RNHHIV, BstNTD-RNHHIV, and RNHHIV 
were determined by changing either one of these conditions. The optimum condition for 
the activity of HIV-1 RT has been reported previously [72]. The results are shown in 
Figure 3.7.  
HIV-1 RT cleaved this substrate most effectively at a18-a19 and less effectively at 
a9-a10, a10-a11, a17-a18, and a19-a20 only in the presence of Mg2+ ions. In contrast, 
RNHHIV cleaved this substrate very weakly mainly at g7-a8, c25-a26, and a26-a27 only in 
the presence of Mn2+ ions, indicating that it only exhibits a very weak Mn2+-dependent 
activity, as reported previously [72]. TmaHBD-RNHHIV cleaved this substrate most 
effectively at g7-a8, c25-a26, and a26-a27, and less effectively at g5-a6, a6-g7, a8-a9, a10-
a11, g13-a14, and a16-a17 only in the presence of Mn2+ ions. BstNTD-RNHHIV cleaved 
this substrate most effectively at g7-a8, c25-a26, and a26-a27, and less effectively at a4-g5, 
g5-a6, a8-a9, a9-a10, and g13-a14, either in the presence of Mn2+ ions or Mg2+ ions, but 
more effectively in the presence of Mn2+ ions than in the presence of Mg2+ ions.  
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Fig. 3.7. Cleavage of the R29/D29 substrate with RNHHIV, HIV-1RT, BstNTD-RNHHIV, and 
TmaHBD-RNHHIV. The 5’-end labeled R29/D29 substrate was hydrolyzed by the enzyme in the 
presence of 10 mM MnCl2 (Mn) or 10 or 50 mM MgCl2 (Mg) at 30°C for 15 min, and the 
hydrolysates were separated on a 20% polyacrylamide gel containing 7 M urea, as described in 
3.2.6. The concentration of the substrate was 1.0 µM. The concentration of the enzyme in the 
reaction mixture is indicated above each lane. The positions of the products of the enzymatic 
reaction and their 3’-terminal residues are shown along the gel. These products were identified 
by comparing their migration in the gel with that of the products of EcoRNH1 in the presence of 
Mn2+ ions. Partial cleavage of the R29/D29 substrate with EcoRNH1 in the presence of Mn2+ 
ions produces all possible oligonucleotides due to cleavage of the substrate at all possible sites 
between a2 and a28 (data not shown). The entire sequence of the RNA strand of the R29/D29 
substrate is shown at the left side of the gel. In this sequence, the most effective cleavage sites 
with HIV-1 RT (solid arrow) and RNHHIV, HIV-1RT, or BstNTD-RNHHIV (open arrow) are also 
shown. 
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The specific activities of HIV-1 RT, RNHHIV, TmaHBD-RNHHIV and BstNTD-
RNHHIV were calculated by estimating the amount of the substrate cleaved by these 
proteins from the gel shown in Figure 3.7. Because these proteins greatly differ in 
molecular masses (117 kDa for HIV-1 RT, 15 kD for RNHHIV, and 22 kDa for TmaHBD-
RNHHIV and BstNTD-RNHHIV), but contain only one active site, the specific activities of 
these proteins were calculated based on their molar numbers, instead of the weights. The 
results are summarized in Table 7. The Mn2+-dependent activity of RNHHIV was lower than 
the Mg2+-dependent activity of HIV-1 RT by 150 fold. The Mn2+-dependent activity of 
TmaHBD-RNHHIV was higher than that of RNHHIV by 500 fold and the Mg2+-dependent 
Table 4. Specific activities and kinetic parameters of the proteins a 
  Specific activity  Relative activity a Km kcat 
Protein  Metal  (unit.µmol-1) (%) (µM) (min-1) 
HIV-1RT 10 mM MgCl2 460 ± 8 100 < 0.08 0.48 ± 0.03 c 
 10 mM MnCl2 < 12  
RNHHIV 50 mM MgCl2 < 1.5   
  10 mM MnCl2 3.0 ± 0.8 0.7 > 2.3 >0.006 
BstNTD-RNHHIV 50 mM MgCl2 3.5 ± 0.3 0.8 
 10 mM MnCl2 40 ± 1.5 8.7 0.47 ± 0.05 0.059 ± 0.007 
TmaHBD-RNHHIV  50 mM MgCl2 < 2.0  
 10 mM MnCl2 1500 ± 11 330 < 0.08 1.58 ± 0.11 b 
a Hydrolyses of the R29/D29 substrate by the proteins were performed at 30°C under the conditions described in Materials and Methods. For 
determination of the specific activities and kinetic parameters, the substrate concentrations were 1.0 µM and varied from 0.08 to 2.3 µM 
respectively. Experiments were carried out at least twice and the average values are shown together with the errors. 
b The specific activities of the proteins relative to that of HIV-1 RT determined in the presence of 10 mM MgCl2 are shown.  
c The kcat values calculated from the specific activities determined at the substrate concentration of 2.3 µM are shown. 
Table 7. Specific activities and kinetic parameters of the proteins 
Hydrolyses of the R29/D29 substrate by the proteins were performed at 30°C under the 
conditions described in 3.2.6. For determination of the specific activities and kinetic 
parameters, the substrate concentrations were 1.0 µM and varied from 0.08 to 2.3 µM 
respectively. Experiments were carried out at least twice and the average values are shown 
together with the rrors. aTh  specific activities of  proteins r lative to that of HIV-1 RT 
determined in the presence of 10 mM MgCl2 are shown. bThe kcat values calculated from the 
specific activities determined at the substrate concentration of 2.3 µM are shown. 
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activity of HIV-1 RT by 3.3 fold. The Mn2+-dependent activity of BstNTD-RNHHIV was 
higher than that of RNHHIV by 13 fold and lower than that of the Mg2+-dependent activity 
of HIV-1 RT by 12 fold. The Mg2+-dependent activity of BstNTD-RNHHIV was lower than 
that of HIV-1 RT by 11 fold and the Mg2+-dependent activity of HIV-1 RT by 130 fold. 
These results indicate that the attachment of TmaHBD or BstNTD greatly increases the 
Mn2+-dependent activity of RNHHIV, but does not significantly restores its Mg2+-dependent 
activity. The Mn2+-dependent RNase H activity of HIV-1 RT, and Mg2+-dependent 
activities of RNHHIV and TmaHBD-RNHHIV were determined to be <12, <1.5, and <2.0 
units.µmol-1 respectively, because these enzymes exhibited a background level of activity 
even when their concentrations in the reaction mixtures for assay were increased to 0.5 
mg.mL-1 for RNHHIV and TmaHBD-RNHHIV, and 0.2 mg.mL-1 for HIV-1 RT.  
To examine whether the attachment of TmaHBD or BstNTD only affects substrate 
binding of RNHHIV or affects its catalysis as well, the enzymatic activities of HIV-1 RT, 
RNHHIV, TmaHBD-RNHHIV and BstNTD-RNHHIV were determined in the presence of 
various concentrations (0.08-2.3 µM) of the R29/D29 substrate in their optimum 
conditions at 30°C. However, only the cleavage of this substrate with BstNTD-RNHHIV 
followed Michaelis-Menten kinetics, and the Km and kcat values were determined to be 
0.47µM and 0.059 min-1 from the Lineweaver-Burk plot (Table 7). The cleavages of this 
substrate with other three proteins did not follow Michaelis-Menten kinetics, because the 
activity of RNHHIV increased as the substrate concentration increased up to 2.3 µM, and 
the activities of HIV-1 RT and TmaHBD-RNHHIV were nearly unchanged regardless of the 
substrate concentration. The activities of HIV-1 RT and TmaHBD-RNH(HIV) were not 
determined at lower substrate concentrations than 0.08 µM, because the products were not 
clearly detected at these substrate concentrations. These results suggest that the Km values 
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of these proteins are >2.3 µM for RNHHIV and <0.08 µM for HIV-1 RT and TmaHBD-
RNHHIV (Table 7). The kcat values of HIV-1 RT and TmaHBD-RNHHIV were calculated to 
be 0.48 and 1.58 min-1 respectively, on the assumption that the specific activities of these 
proteins determined at the substrate concentration of 2.3 µM represent their Vmax values 
(Table 7). These values are higher than that of BstNTD-RNHHIV, which could be higher 
than or comparable to that of RNHHIV. Comparison of the Km values of the four proteins 
suggests that the binding affinity of BstNTD-RNHHIV is higher than that of RNHHIV and 
lower than that of HIV-1 RT or TmaHBD-RNHHIV. This result is consistent with that 
determined by surface plasmon resonance. However, the kcat values also vary for different 
proteins, suggesting that the removal of the polymerase domain of HIV-1 RT or the 
attachment of an alternative substrate binding domain affects turnover number (catalysis) 
of RNHHIV as well. The removal or attachment of an additional domain may alter the 
conformation of the RNase H active site of HIV-1 RT. 
HIV-1 RT has an ability to cleave double-stranded (ds) RNA in the presence of 
Mn2+ ions [105]. To examine whether RNHHIV, TmaHBD-RNHHIV and BstNTD-RNHHIV 
recognize only RNA/DNA hybrid as a substrate, their abilities to cleave dsRNA, dsDNA, 
single-stranded (ss) RNA and ssDNA were analyzed using the R12/R12, D12/D12, R12, 
and D12 substrates respectively either in the presence of Mg2+ ions or Mn2+ ions. None of 
these substrates was cleaved by these proteins at any condition examined, indicating that 
these proteins recognize only RNA/DNA hybrid as a substrate. This result indicates that 
the polymerase domain is required for dsRNA-cleaving activity of HIV-1 RT. This domain 
may be required for binding of dsRNA to HIV-1 RT and/or to make the conformation of 
the RNase H active site of HIV-1 RT suitable for cleavage of dsRNA. 
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3.3.7. Cleavage-site specificities 
The cleavage-site specificities of TmaHBD-RNHHIV and BstNTD-RNHHIV, which 
are similar to each other and to that of RNHHIV, are different from that of HIV-1 RT (Fig. 
3.7). This result suggests that the removal of the thumb and connection domains of the P66 
subunit and the P51 subunit of HIV-1 RT alters the interaction between the substrate and 
the RNase H domain, in such a way that HIV-1 RT and RNHHIV cleave the R29/D29 
substrate at different sites. However, the RNHHIV derivative with a basic protrusion of 
EcoRNH1, RNHHIV(HEH), shows the same cleavage-site specificity as that of HIV-1 RT 
when the tRNALys3 substrate is used [68]. The interaction between RNHHIV and substrate 
may be restored by the insertion of a basic protrusion of EcoRNH1. Alternatively, RNHHIV 
and HIV-1 RT may cleave the tRNALys3 substrate at the same site, due to limitation of 
possible cleavage sites in this RNA-DNA/DNA substrate or strong preference of RNHHIV 
and HIV-1 RT for the 5’-side of the ribonucleotide of the (5’)RNA-DNA(3’) junction. The 
observation that the metal ion preference of RNHHIV is different from that of HIV-1 RT 
[68] supports the hypothesis that interaction between RNHHIV(HEH) and substrate is 
different from that between the RNase H domain of HIV-1 RT and substrate. The 
attachment of TmaHBD or BstNTD greatly increases the substrate binding affinity and 
enzymatic activity of RNHHIV. Nevertheless, it does not significantly alter the cleavage-site 
specificity of RNHHIV, probably because the RNHHIV domain of TmaHBD-RNHHIV and 
BstNTD-RNHHIV governs the cleavage-site specificity. 
 
3.3.8. Metal preference 
When the RNase H activity was determined using the R29/D29 substrate, RNHHIV 
only exhibits a very weak Mn2+-dependent activity and only this activity is greatly 
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increased by the attachment of TmaHBD or BstNTD. BstNTD-RNHHIV exhibits Mg2+-
dependent activity, but very weakly. This activity is too low to complement the ts growth 
phenotype of E. coli MIC2067(DE3). In contrast, HIV-1 RT only exhibits Mg2+-dependent 
activity. Only Mn2+ ions or Mg2+ ions can support the RNase H activities of these proteins, 
probably because Mn2+ is a transition metal ion whereas Mg2+ is an alkaline-earth metal 
ion, and therefore they differ in ionic radius and coordination geometry. Because not only 
the active site residues but also the substrate provide ligands for coordination of these 
metal ions [41], RNHHIV, TmaHBD-RNHHIV, and BstNTD-RNHHIV may interact with the 
substrate, in such a way that only Mn2+ ions can coordinate with the substrate and the 
active site residues. Likewise, HIV-1 RT may interact with the substrate, in such a way 
that only Mg2+ ions can coordinate with the substrate and the active site residues. Our 
result that the attachment of an N-terminal substrate binding domain of bacterial RNases 
H1/H2 does not restore the Mg2+-dependent activity of RNHHIV suggest that enhancement 
of the substrate binding affinity of RNHHIV by the attachment of an alternative substrate 
binding domain is not sufficient to restore its Mg2+-dependent activity. Similar results have 
been reported for RNHHIV, in which the attachment of an N-terminal His-tag [107, 108] 
and the insertion of a basic protrusion of EcoRNH1 [68, 71] do not restore its Mg2+-
dependent activity. Because the R29/D29 substrate binds to HIV-1 RT much more strongly 
than to RNHHIV, TmaHBD-RNHHIV and BstNTD-RNHHIV, and RNA/DNA hybrid bound 
to HIV-1 RT is bended between the polymerase and RNase H domains [42], the 
polymerase domain is probably required for strong binding and bending of the substrate, 
which are responsible for Mg2+-dependent RNase H activity of HIV-1 RT. This domain is 
also probably required to make the conformation of the RNase H active site of HIV-1 RT 
functional in the presence of Mg2+ ions.  
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It has been reported that HIV-1 RT cleaves a substrate for nonspecific RNase H 
assay either in the presence of Mg2+ ions or Mn2+ ions, but slightly more effectively in the 
presence of Mn2+ ions than in the presence of Mg2+ ions [68]. HIV-1 RT cleaves the 
tRNALys3 substrate either in the presence of Mn2+ ions [68, 70] or Mg2+ ions [102]. The 
result that HIV-1 RT does not cleave the R29/D29 substrate in the presence of Mn2+ ions 
suggests that the preferable metal ion for the RNase H activity of HIV-1 RT is changed 
when the substrate is changed. 
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3.4. Summary 
RNase H is present in the C-terminal portion of P66 subunit of HIV-1 RT. The 
isolated RNase H domain of HIV-1 RT (RNHHIV) is nearly inactive, possibly due to the 
lack of substrate-binding affinity, disorder of a loop containing His539, and increased 
flexibility. To examine whether the activity of RNHHIV is restored by the attachment of 
TmaHBD or BstNTD, the RNHHIV derivatives with TmaHBD and BstNTD at the N-
terminus were constructed and characterized. Both RNHHIV derivatives bound to 
RNA/DNA hybrid more strongly than RNHHIV and exhibited much higher Mn2+-dependent 
RNase H activity than it. Both derivatives did not exhibit or exhibited a very weak Mg2+-
dependent RNase H activity. These results indicate that TmaHBD and BstNTD function as 
an RNA/DNA hybrid-binding tag, and greatly increase the substrate-binding affinity and 
Mn2+-dependent RNase H activity of RNHHIV. However, they do not restore the Mg2+-
dependent RNase H activity of RNHHIV, indicating that enhancement of the substrate 
binding affinity of RNHHIV is not enough to restore its Mg2+-dependent RNase H activity.
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CHAPTER 4 
General discussion and future remarks 
 
4.1. General discussion 
 RNase H is an endoribonuclease that cleaves the RNA moiety of RNA/DNA 
hybrids. Its activity is considered to be essential for maintaining genome integrity in the 
cell. It is involved in the DNA repair process, removal of R-loop, and removal of RNA 
from Okazaki fragment during DNA replication. Some RNases H have substrate binding 
domains. However, these domains are not always present in RNases H and vary in 
structures. Therefore, the studies on the substrate binding domains of RNases H are 
necessary to increase our knowledge on structure-function relationships of RNases H.  
When I started this work, it was known that some RNases H1 have substrate 
binding domains, termed basic protrusion and HBD, and all RNases H3 have them, termed 
TBP-like domain. These domains have been shown to be important for substrate binding, 
activity, and/or stability. However, little was known on substrate binding domains of 
RNases H2. I showed for the first time that some bacterial RNases H2 have a substrate 
binding domain, termed NTD, at the N-terminus. Although, the structure of NTD remains 
to be determined, poor amino acid sequence similarity between NTD and HBD or TBP-
like domain suggests that NTD has a unique structure. Identification of this novel substrate 
binding domain allows me to propose that RNases H are structurally and functionally 
diverged by acquiring various substrate binding domains, such as HBD, basic protrusion, 
TBP-like domain and NTD.  
The role of C-extensions of RNases H2 was analyzed using TmaRNH2. According 
to its crystal structure in complex with dsDNAR1, TmaRNH2 consists of the catalytic 
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domain and C-terminal domain, which contact the cleaved and non-cleaved strands of 
dsDNAR1 respectively [9]. The C-terminal domain consists of helices F-J, in which helices 
I and J correspond to C-extension of TmaRNH2 and are folded into a hairpin helix 
structure (TmaHH). Helix G and H make a direct contact with the substrate in the upstream 
region of the scissile phosphate group, whereas TmaHH is not involved in substrate 
binding (Fig. 2.3). Nevertheless, the removal of TmaHH decreased activity and stability of 
TmaRNH2. This result suggests that the removal of TmaHH causes a slight conformational 
change that may greatly decrease the substrate binding affinity of the C-terminal domain. 
Thus, C-extension of TmaRNH2 is probably necessary to make the conformational of the 
C-terminal domain functional.  
The finding that AaeRNH2 is as active as and is more stable than BstRNH2 and 
TmaRNH2 suggests that AaeRNH2 does not require NTD or C-terminal hairpin helix 
structure to increase its activity and stability. However, the activities and stability of 
BstRNH2 and TmaRNH2 are greatly reduced by the removal of BstNTD and TmaHH 
respectively, indicating that the catalytic domains of these enzymes require NTD or C-
terminal hairpin helix structure for maximal activity and stability. The 3D model of 
AaeRNH2 highly resembles those of the catalytic domains of BstRNH2 and TmaRNH2. 
However, AaeRNH2 may have additional interactions that increase its substrate binding 
affinity and stability, as compared to those of the catalytic domains of BstRNH2 and 
TmaRNH2. The catalytic domains of BstRNH2 and TmaRNH2 may lose these 
interactions, because BstNTD or TmaHH may compensate for the loss of these 
interactions. Comparison of the various stabilizing factors suggests that stabilization by ion 
pairs and aromatic interactions at least partly account for the difference in stability between 
AaeRNH2 and TmaRNH2 or BstRNH2.  
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The fact that the isolated RNase H domain of HIV-1 RT (RNHHIV) is inactive raises 
a question whether the activity of this domain is restored by the attachment of N-terminal 
substrate binding domain of bacterial RNase H. I found that the removal of the DNA 
polymerase domain of P66 subunit and entire P51subunit of HIV-1 RT alters the 
interaction between its RNase H domain and the substrate. Thus, RNHHIV cleaves 
RNA/DNA substrate at the different position from that cleaved by HIV-1 RT, but only in 
the presence of Mn2+ ions. Yet, the Mn2+-dependent activity of RNHHIV was very low. The 
attachment of TmaHBD or BstNTD at the N-terminus of RNHHIV does not alter its 
interaction with the substrate, but greatly increases the Mn2+-dependent activity of RNHHIV 
by 500-fold and 13-fold, respectively. This results suggests that TmaHBD and BstNTD 
greatly increase the binding affinity RNHHIV by stabilizing the interaction between 
RNHHIV and the substrate. Thus, this is the first study to my knowledge showing that the 
N-terminal substrate binding domain of RNase H can be used as an RNA/DNA hybrid tag. 
 RNases H are diverged by acquiring substrate binding domain. We have found that 
the metal dependencies can be modified by acquiring substrate binding domain. Thus, the 
mode of Mn2+ or Mg2+-dependent activity caused by acquiring substrate binding domain 
can also be a remarkable example of parallel evolution, in which organisms can differ from 
their common ancestor by their requirement for a divalent metal ion for enzymatic activity. 
 
4.2. Future remarks 
BstRNH2 and AaeRNH2 were biochemically characterized in this study. However, 
their substrate recognition mechanisms remain to be understood. TmaRNH1 has been 
biochemically characterized previously [76]. However, its substrate recognition 
mechanism also remain to be understood. Therefore, it will be necessary to determine the 
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crystal structures of BstRNH2, AaeRNH2 and TmaRNH1 in complex with the substrate to 
understand these mechanisms. To understand the mechanism by which the attachment of 
BstNTD and TmaHBD to the N-terminus of RNHHIV increases the substrate binding 
affinity and Mn2+-dependent activity of NHHIV, it will also be necessary to determine the 
crystal structures of TmaHBD-RNHHIV and BstNTD-RNHHIV in complex with the 
substrate.  
The RNase H activity of HIV-1 RT is regarded as a target for development of 
antiviral drugs [35, 36]. Initial screenings for the inhibitors have been made by using the 
intact protein of HIV-1 RT. However, because of the complexity in the structure and 
function of HIV-1 RT, it is not easy to identify the lead compounds that inhibit the RNase 
Fig. 4.1. Schematic representation of initial and second screenings for the inhibitors of RNase H 
activity of HIV-1 RT. Intact HIV-1 RT is usually used for an initial screening of RNase H 
inhibitors. However, because of the complexity of the structure of HIV-1 RT, these inhibitors 
may not directly interact with the RNase H domain of HIV-1 RT. By using TmaHBD-RNHHIV 
with more simple structure for second screening, it may be possible to screen for the lead 
compounds that directly bind to the RNase H domain and specifically inhibit the RNase H 
activity. 
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H activity of HIV-1 RT by directly contacting its RNase H domain. It has been reported 
that p51-G-TCR, which lacks the polymerase domain of the P66 subunit but retains Mg2+-
dependent RNase H activity, is useful to identify these inhibitors in second screenings 
[102]. However, p51-G-TCR still contains the thumb and connection domains of the P66 
subunit and the entire P51 subunit. Because TmaHBD-RNHHIV contains only the RNase H 
domain of HIV-1 RT and exhibits higher RNase H activity than HIV-1 RT in the presence 
of Mn2+ ions, this protein may be useful to identify the inhibitors specific for the RNase H 
domain of HIV-1 RT in second screenings, as shown in Figure 4.1.  
 
Fig. 4.2. Schematic representation of R-loop mapping in the genome. R-loop is formed during 
transcription when the newly synthesized RNA strand fails to dissociate from the DNA strand. 
This R-loop can be detected if the fusion protein, in which TmaHBD is attached to the N-
terminus of a reported proteins (GFP as an example), is expressed in the cell, because this 
fusion protein specifically binds to the RNA/DNA hybrid region of R-loop.  
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 RNA/DNA hybrid structure, termed R-loop, is thought to be a rare byproduct of 
transcription. The accumulation of R-loops in the genome threat the genome integrity and 
is a potential cause of disease. Recent evidence suggests that R-loop is also involved in 
molecular mechanisms of neurological disease and cancer [106]. Then, the detection of R-
loops in the genome is probably necessary. Since TmaHBD and BstNTD can be used as an 
RNA/DNA hybrid tag, they may also be used for R-loop mapping in the genome. If the 
fusion protein, in which TmaHBD or BstNTD is attached to the N-terminus of a 
fluorescent reporter protein, is expressed in the cell, it is expected that this fusion protein 
specifically binds to targeted R-loop. Then, R-loop can be detected, as shown in Figure 
4.2. 
 Furthermore, this study provides valuable information on protein engineering. 
Protein engineering is a technology to alter protein function. Because the enzymatic 
properties of BstRNH2 and TmaRNH2 are greatly changed by the removal of NTD and 
TmaHH, and the enzymatic properties of RNHHIV are greatly changed by the attachment 
of BstNTD or TmaHBD, domain engineering may be a promising protein engineering 
technology to generate enzymes with novel functions, which are useful for industrial 
purpose.  
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